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ABSTRACT
Safety and serviceability design of civil infrastructure, including buildings and energy, lifeline,
communication, and transportation systems, is critical in providing and maintaining services and
benefits to our communities. In modern society, new constructions tend to be more flexible due
to advances in material science and construction technologies. A key challenge in the design of
these structures is to meet the motion requirements under operational and extreme loadings. The
purpose of a motion-based design (MBD) approach is to ensure that motion requirements are met
under the design loads, after which strength requirements are verified and met. A popular method
under MBD is the inclusion of supplemental damping systems. For instance, several passive damp-
ing systems were introduced over the last decades, demonstrating high effectiveness at reducing
seismic vibrations for buildings. These traditional passive control systems, although capable of
mitigating targeted loads, are restricted to single hazard one-at-a-time due to their limited per-
formance bandwidth. It follows that they become difficult to implement when multiple excitation
inputs are considered either combined or individually, termed multi-hazards. Alternatively, one can
use high-performance control systems that include active, semi-active and hybrid control systems,
to adapt structural responses under different types of hazards.
This work proposes and characterizes a novel high-performance control system termed variable
friction cladding connection (VFCC). The VFCC leverages the motion of cladding elements to
dissipate energy. It consists of friction plates upon which variable normal force is applied through
an adjustable toggle system controlled by a linear actuator. When locked, the device acts as
a traditional rigid cladding connection with high stiffness for daily operation and also provides
maximum friction force to passively dissipate blast energy transferred to the structure. A rubber
bumper is integrated to avoid collision between the structure and cladding elements under high
impact loads. The VFCC, once activated under wind and seismic hazards, performs as a semi-
xiii
active damping device that leverages cladding mass to reduce structural vibrations via a feedback
control system. Here, a device prototype is fabricated and tested in laboratory to identify and
validate its dynamic behavior. Experimental results show that the device prototype functions as
designed and demonstrates its high promise for multi-hazard mitigation.
In order to effectively implement the VFCC, an MBD procedure is developed and demonstrated
on building examples subjected to multi-hazards. The MBD procedure includes the analytical
quantification of hazards, identification of structural motion objectives, and iterative design of
cladding connection parameters. The MBD approach is first developed for each hazard individually
and then extended to multi-hazard design for blast, wind, and seismic loads. Numerical simulations
are conducted on several building examples where the VFCC is simulated under a linear quadratic
regulator controller (semi-active case) for wind and seismic loadings, and under a locked position
(passive-on case) under blast load. An uncontrolled case with a traditional rigid cladding connection
is used to benchmark results, and a passive-on case is simulated under wind and seismic loads also
for benchmark purposes. Simulation results show that the designed VFCC is capable of reducing
the response of the uncontrolled structures under the prescribed performance objectives under
multi-hazard loadings. Overall, this work demonstrates the VFCC’s high capability of mitigating
multi-hazards by leveraging motion of the cladding system, and the promise of the developed MBD
approach enabling its holistic integration at the design phase.
1
CHAPTER 1. INTRODUCTION
1.1 Why Semi-Active Control for Multi-Hazard Mitigation?
Recent advances in material engineering and construction technology have enabled more flexible
civil structures such as high-rise buildings and long-span bridges. These structures, although meet-
ing strength performance requirements, have demonstrated their vulnerability to structural motions
under service and extreme loads. For instance, wind-induced vibrations of slender buildings tend
to exceed human comfort limit of acceleration response of 0.02 g. These serviceability concerns
have shifted the design domain of civil structures from traditional strength-based design to motion-
based design. The motion-based design (MBD) of civil structures is a design approach in which
a structural system is sized to satisfy dynamic motion performance as its primary goal, and then
verified for strength (Connor and Laflamme, 2014). An MBD approach is traditionally conducted
by appropriately sizing structural stiffness and incorporating passive damping systems. However,
when multiple excitations are considered either individually or combined, termed multi-hazards,
the MBD approach becomes difficult to implement due to limited mitigation capabilities of these
passive energy dissipation systems (Laflamme et al., 2012a; Saaed et al., 2015). For instance, pas-
sive base isolation system alone is quite effective for seismic mitigation via reducing ground motion
from acting on the structure; however, it is incapable of protecting buildings from wind-induced
vibration. On the other hand, passive mass dampers are widely adopted to mitigate wind hazard
while they demonstrate limited effects on seismic mitigation (Yang and Agrawal, 2002).
Alternatively, one can utilize high performance control systems (HPCSs) that include semi-
active (Cao et al., 2016a; Downey et al., 2016; Amjadian and Agrawal, 2017b), active (Ubertini,
2008; Materazzi and Ubertini, 2012; Venanzi et al., 2013), and hybrid control systems (Love et al.,
2011; Shin et al., 2013; Høgsberg and Brodersen, 2016). These HPCSs have been proposed due to
their particularity of being alterable for different dynamics based on structural motion feedback,
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so they can perform over a wide excitation bandwidth, ideal for multi-hazard mitigation. Several
types of HPCSs have been proposed of the last decades and these devices include variable orifice,
variable stiffness, variable fluid, and variable friction mechanisms. The ideal device is one that
can deliver large control forces on limited power input in a timely manner because civil structures
generally require large control forces, on the order of a meganewton and, for earthquake, response
times on the order of milliseconds (Connor and Laflamme, 2014). This feature makes it difficult
for a fully active control system to perform during strong hazards where power failure is always
a possibility. To overcome the high energy demand of active control systems, researchers have
proposed semi-active control devices which can operate with energy even supplied by batteries.
These semi-active devices are designed to provide only resisting force, in nature, analogical to the
behavior of a friction mechanism. The damping force generated by semi-active devices always act to
oppose the motion, yielding no energy input to the structural system and they can never destabilize
a structural system.
Considerable research has been conducted to discuss the great potential of semi-active control
strategies for mitigating structural vibrations (Cao et al., 2016a; Casciati et al., 2012; Yan et al.,
2012). It follows that several semi-active damping devices have been proposed, studied, and applied
for semi-active and hybrid structural control (Cao et al., 2015a; Amjadian and Agrawal, 2017b;
Høgsberg and Brodersen, 2016). However, literature counts very few examples of applications to
multi-hazard problems. The majority of literature on MBD of civil structures heavily focusses
on seismic excitations (Takewaki, 2011; Trifunac, 2012; Ghobarah, 2001). There has been some
notable work on MBD for wind-induced vibration; see Huang et al. 2012 (Huang et al., 2012),
Li and Hu 2014 (Li and Hu, 2014) for instance. Some authors have recently proposed stochastic
MBD procedures for structures subjected to multi-hazards excitation (Asprone et al., 2010; Jalayer
et al., 2011; McCullough and Kareem, 2011). There is an increasing need to develop MBD design
procedure with high performance control device to enhance structural operability and resiliency
under multiple hazards.
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This dissertation studies a new type of HPCSs for multi-hazard mitigation, and develops as-
sociated MBD procedures enabling its holistical integration in the structural design process. The
device is termed variable friction cladding connection (VFCC).
1.2 Proposed Variable Friction Cladding Connection
This section presents the VFCC, used to laterally connect cladding elements to the primary
structural system. It first introduces the variable friction mechanism of the VFCC, followed by the
semi-active cladding system for multi-hazard mitigation.
1.2.1 Variable friction cladding connection
Fig. 1.1 (a) illustrates the proposed VFCC engineered to laterally link cladding elements to the
structural frame. One possible installation configuration is that the device is inset into the floor
slab to provide a high degree of mechanical restraint and the inner plates are extended outward
to attach the cladding panel. The device consists of a variable friction element that can switch
the connection’s stiffness on and off, or vary the friction force. Its variable friction mechanism is
schematized in Fig. 1.1 (b) and achieved through a set of sliding friction plates upon which a variable
normal force is applied by adjustable toggles via a linear actuator. Friction dampers have received
considerable attention in structural control field because they provide excellent mechanism for
energy dissipation with robust behavior against loading amplitude, frequency, or even the number
of loading cycles (Housner et al., 1997).
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(a) (b)
Figure 1.1: Schematic representation of the VFCC: (a) possible installation in a floor slab (top
view) and (b) friction mechanism.
The force diagram of the VFCC is illustrated in Fig. 1.2. The actuator generates a controllable
force F to push or pull the toggle system and therefore change the toggles’ geometry, producing
variable normal pressure p on the friction plates. In particular, both toggles can be pushed vertically
and provide the maximum normal pressure on the friction plates (Fig.1.2 (a)). In this configuration,
the device is locked into its high friction mode without external power input required to maintain the
toggle position. It performs as a high stiffness element for daily operations, similar to the traditional
rigid connector. It can also be utilized to dissipate blast energy through friction generated by the
slippage of the friction plates under blast load. Note that the static friction force can be designed
to be only surpassed by a blast load and the device passively mitigates blast hazard without delay.
Toggles can also be semi-locked in Fig. 1.2 (b) and the device behaves as a variable friction
damper under control force. This particular configuration is used to reduce the inter-story drift
and acceleration under wind and seismic loads. The semi-locked mode can be switched on and
off under a close-loop control law with a local sensor measuring levels of local acceleration. For
instance, an accelerometer located at the ground level can be employed to switch the “seismic”
mode on, and an accelerometer located on a floor can activate the “extreme wind” control mode
to reduce acceleration. Once installed, the device is set at the initial state of high stiffness (locked
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mode) in order to be in ready-mode for blast loading which is difficult to predict and highly rate
for a semi-active control algorithm to respond.
(a) (b)
Figure 1.2: Force diagram of the VFCC: (a) fully locked; and (b) semi-locked.
As illustrated in Fig.1.3, the friction force varies with the sliding displacement of the friction
plates y. Fig. 1.3 (a) shows that the normal force N is assumed to generate uniformly distributed
normal pressure p on the friction plate contact area within toggles. When the friction plates slide
within the full effective friction contact area with y ≤ d, where d is the distance between toggle and
the end of the friction plate, it produces the maximum friction force under a given actuator stroke
length. On the other hand, it yields the minimum friction force when the friction plates slide into
dis-attached position with lp− d < y ≤ lp, where lp is the length of the friction plate (Fig. 1.3 (b)).
Fig. 1.3 (c) illustrates the friction force is taken as linearly variable with the sliding displacement




Figure 1.3: Friction configuration of the VFCC: (a) the maximum effective friction area; (b) the
minimum effective friction area; and (c) the variable effective friction area.
1.2.2 Semi-active cladding system
In a building system, the cladding serves as the point of application of externally applied lateral
loads such as wind and blast as well as a contributor of inertial force via the excitation of its mass
due to seismic or wind-induced vibrations. The objective of the proposed semi-active cladding
system using the VFCC is therefore twofold:
1. Leveraging the cladding inertia to reduce inter-story drift due to lateral load vibrations.
2. Employing the VFCC as an energy dissipation device to mitigate the transfer of reactions
from the cladding to the structure under lateral loads.
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Fig. 1.4 schematizes the dynamics of the semi-active system under blast, wind, and seismic
loads. In Fig. 1.4 (a), the blast load pb impacting on the cladding element mc is transferred
through the cladding connection, including a fully locked VFCC (Fc and kc) and a rubber bumper
(kr and cr), to the primary structure ms. The cladding element is assumed to have the capability
of resisting the blast itself. The VFCC is locked and designed to provide a high friction force only
exceeded by the design blast load. The blast energy is dissipated by the friction damping and a
rubber bumper is designed to avoid the collision between the cladding element and the primary
structure. Note that this configuration is also employed for daily operation of the cladding system.
Fig. 1.4 (b) shows that under wind load pw, the VFCC device Ff is activated and behaves as a
semi-active friction damper to reduce the inter-story drift and acceleration of the structure. Under
seismic hazard xg (Fig. 1.4 (c)), the cladding performs as a mass damper and the VFCC as a
friction damper to reduce the inter-story drift of the structure. Under wind and seismic hazard,
the cladding is designed not to collide with the rubber bumper. Overall, the proposed semi-active




Figure 1.4: Dynamic schematic of semi-active cladding system for multi-hazard mitigation: (a)
blast load; (b) wind hazard; and (c) seismic hazard.
1.3 Development of Motion-Based Design for Multi-Hazard
This section introduces MBD as an improvement to the traditional strength-based design, and
discusses the current challenges for multi-hazard design.
1.3.1 Motion-based design
A civil structure is generally designed to satisfy the requirements of safety and serviceability.
Safety requirements pertain to the integrity of structures under extreme loadings and are typically
achieved by a strength-based design methodology. It includes sizing the structural elements, such
as foundations, columns, and beams, to resist the compression, tension, moment, shear, and torsion
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induced by the design loads. Serviceability relates to the daily operation of the structure under
service loads, such as moderate wind loads. In modern society, structures tend to become more
flexible with the advancement of high-strength materials and modern construction technology.
These flexible structures are vulnerable to structural motions under service loads due to their low
stiffness. A focus on reducing structural motions has shifted the design domain from strength
design to MBD. The MBD philosophy is to primarily achieve the motion performance requirement
of the structure, such as the inter-story drift and acceleration, after which strength requirements
are verified are met. It often includes adjusting the dynamic properties of the structural system by
modifying the stiffness element or providing supplemental damping.
1.3.2 Challenge in multi-hazard design
A challenge for multi-hazard analysis and design is inherent in the differing dynamic charac-
teristics of various hazards. For instance, a blast load is high rate and impulsive, with massive
explosion energy released in a short time period. A traditional structure under blast load will
experience severe damage induced by a large inter-story drift. It also brings challenges for the
feedback control system to react since it occurs too unpredictably and rapidly for a closed loop
control system to compute and execute. Wind loads are more likely to induce strong vibrations
for high-rising buildings versus low-rising buildings, while seismic loads are of general concern to
low-rising buildings. It therefore requires a high level of redundancy in order to control the struc-
tural response under different types of hazards. Moreover, current MBD methodologies focuses
on a single hazard one-at-a-time and provides no design frame that quantifies design objectives of
multiple hazards for a single structural system.
In this work, the VFCC is proposed and characterized to create a semi-active cladding system
for multi-hazard mitigation. Its damping configuration under each hazard is described in Section
1.2.2. To enable the holistic integration of the VFCC, an MBD approach is developed under multi-
hazards. The approach includes hazard model quantification, identification of motion objectives,
and selection of dynamic parameters of the cladding connection. The MBD approach is demon-
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strated and verified on diverse building examples, showing the promising capability of the VFCC
at mitigating multi-hazards.
1.4 Contributions
This work makes various contributions to the field of motion-based design of high-performance
control system for multi-hazard mitigation. The main contributions of this dissertation are sum-
marized as follows:
1. Proposed and verified novel variable friction cladding connection (VFCC) to engage cladding
system for multi-hazard mitigation. This contribution is presented throughout the chapters.
2. Experimentally characterized and verified friction dynamics of the VFCC on a 3D-printed
prototype. This work is summarized in chapter 2. Chapter 2 has been published in Journal
of Structural Health Monitoring and Control (Gong et al., 2018a).
3. Developed and numerically verified MBD methodology for the VFCC to mitigate wind and
seismic hazards individually. This work is presented in chapters 3 and 4 and has been pub-
lished in Journal of Engineering Structures (Gong et al., 2019b,d).
4. Developed and numerically demonstrated MBD of the novel device to enhance structural
resilience under multi-hazards. This work is presented in chapter 5 and has been submitted
to Journal of Vibration and Control (Gong et al., 2019a).
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CHAPTER 2. CHARACTERIZATION OF A NOVEL VARIABLE
FRICTION CONNECTION FOR SEMI-ACTIVE CLADDING SYSTEM
This chapter is wholly based on “Characterization of a novel variable friction connection for
semi-active cladding system” published in Structural Control and Health Monitoring, vol.25, no.6,
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Abstract
Cladding systems are conventionally designed to serve architectural purposes and protect occu-
pants from the environment. Some research has been conducted in altering the cladding system in
order to provide additional protection against natural and man-made hazards. The vast majority
of these solutions are passive energy dissipators, applicable to the mitigation of single types of
hazards. In this paper, we propose a novel semi-active variable friction device that could act as a
connector linking a cladding panel to the structural system. Because of its semi-active capabilities,
the device, here termed variable friction cladding connection (VFCC), could be utilized to mitigate
different hazards, either considered individually or combined, also known as multi-hazards. The
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VFCC consists of two sets of sliding friction plates onto which a variable normal force can be ap-
plied through an actuated toggle system. A static model is derived to relate the device’s Coulomb
friction force to the actuator stroke. This model is integrated into a dynamic friction model to
characterize the device’s dynamic behavior. A prototype of the VFCC is constructed using 3D
printing. The prototype is tested under harmonic excitations to identify the model parameters and
characterized on a set of non-stationary excitations under different actuator stroke lengths. Results
show good agreement between the model and experimental data, demonstrating that the device
functions as-designed.
Keywords: cladding connection, high performance control systems, multihazard mitigation,
semi-active damper, variable friction, 3D printing
2.1 Introduction
Performance-based design (PBD) of civil structures is a design strategy that consists of sizing
structural stiffness and supplemental damping in order to restrict structural motion to prescribed
levels of performance. Often, PBD leads to substantial savings on materials by enabling lighter
structural systems, and also provides enhanced protection against natural and man-made hazards as
well as more uninterrupted serviceability (Connor and Laflamme, 2014). However, in the case where
there are multiple excitations either individually considered or combined, termed multi-hazards, a
PBD approach becomes difficult to implement because it requires a high level of redundancy, as
discussed in early research on passive mitigation of multi-hazards (Dogruel and Dargush, 2008;
Crawford et al., 2002). In particular, passive supplemental energy dissipation systems typically
have limited performance bandwidth (Yang and Agrawal, 2002; Laflamme et al., 2012a), and are
therefore restrained to achieving the prescribed performance for single types of hazards.
Alternatively, one can utilize semi-active, hybrid, and active structural control systems, here
termed high performance control systems (HPCS). HPCS have been proposed due to their potential
to substantially enhance structural performance in comparison with traditional passive mitigation
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systems, as they can perform over a wide excitation bandwidth, ideal for multi-hazard mitigation.
Examples of HPCS can be found in Refs. (Spencer Jr and Nagarajaiah, 2003; Ubertini et al., 2015;
Lin et al., 2015; Cao et al., 2016b). These devices include variable fluid, variable stiffness, variable
orifice, and variable friction mechanisms.
Here we propose a novel semi-active modified friction cladding connection, termed variable fric-
tion cladding connection (VFCC), that leverages the motion of cladding to reduce the effects of
natural and made-made hazards on the structural system. Early work on structural control us-
ing cladding panels includes double-layer foam cladding (Ma and Ye, 2007a), tube-core cladding
(Theobald and Nurick, 2010a), and sacrificial panels composed of foam-based materials (Wu et al.,
2010; Shim et al., 2012; Merrett et al., 2013), all geared towards mitigation of blast loads. A con-
siderable challenge with these panels is their low performance versus low-frequency loads and their
relatively high costs. Energy dissipation through cladding connections have also been considered.
Goodno et al. (Goodno et al., 1992) studied ductile connections to dissipate energy through plastic
deformations and therefore reduce inter-story drift. Baird et al. (Baird et al., 2013) explored a
U-shaped flexural plates connection to passively dissipate seismic energy. Mannetes and Mermari
(Maneetes and Memari, 2014b) reviewed utilizations of cladding panel systems as energy dissipators
for seismic loads. Amadio and Bedon (Amadio and Bedon, 2012a) proposed a viscoelastic spider
connection for mitigating blast loads.
All of the surveyed energy dissipation mechanisms based on cladding panels or connections are
passive dissipation strategies. Various HPCS based on variable friction have been explored for struc-
tural control applications. Their variable control force is based on a variable normal force applied
onto a sliding interface. Examples of variable friction devices in literature include electromagnetic-
(Agrawal and Yang, 2000), electromechanical- (Narasimhan and Nagarajaiah, 2006; Kawamoto
et al., 2008), hydraulic- (Cao et al., 2015b; Downey et al., 2016), piezoelectric- (Ng and Xu, 2007; Lu
and Lin, 2009; Lin et al., 2012; Pardo-Varela and Llera, 2015), pneumatic- (Vesselenyi et al., 2007;
Mehmood et al., 2011), and magnetorheological- (Sahasrabudhe and Nagarajaiah, 2005; Karkoub
and Zribi, 2006; Unsal et al., 2004) based technologies. The proposed device leverages the ad-
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vantages of HPCS to create a cladding connection capable of mitigation performance over a wide
range of frequencies, therefore making it an excellent candidate for multi-hazard applications. Also,
because it is designed to dissipate energy through elastic deformations, the device does not need
replacement after a wind or seismic event.
The VFCC is designed to dissipate energy through two sets of sliding plates connecting cladding
to the structural frame. Friction is produced by an actuator that varies the normal force on the
sliding plates via a toggle system. The mechanism is designed to provide protection against blast
and for daily operations when it is in a passive mode. It can be actuated to provide wind and
sesimic resistance through strategically varying the normal force via a feedback system. This paper
introduces the VFCC as an alternative to traditional cladding connections, potentially transforming
traditional cladding panels into multifunction systems capable of maintaining architectural feature
while providing enhanced structural resiliency. A dynamic model for the VFCC is developed and
experimentally verified on a 3D printed prototype.
The paper is organized as follows. Section 2.2 provides the theoretical background on the
variable friction connection. Section 2.3 presents the dynamic model of the semi-active damper.
Section 2.4 identifies the dynamic model parameters using the response of the VFCC subjected to
harmonic excitations under various levels of an applied normal force. Section 2.5 validates the tuned
dynamic model of the prototype by subjecting the VFCC to non-stationary excitations. Section
2.6 concludes the paper.
2.2 Variable Friction Cladding Connection
A schematic of the VFCC friction mechanism is shown in Fig. 2.1(a). It consists of two sets of
friction plates onto which a normal force is applied via toggles. The device includes blocks prevent-
ing the toggles from moving beyond a vertical alignment when pushed. An electromagnetic-based
(Amjadian and Agrawal, 2017a) or piezorelectric-based (Pardo-Varela and Llera, 2015) actuation
can be used, for example, to vary the friction force. A possible installation of the device is its
embedment in a floor slab, transmitting the lateral force from the cladding system to the structural
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frame. A representative schematic of the installation within a floor slab is shown in Fig. 2.1(b).
The device is engineered to include an impact rubber bumper to prevent the sliding friction plates
from colliding (not shown in Fig. 2.1(b)). In this configuration, the VFCC provides lateral support
only. The gravitational system is considered as decoupled and gravity resistance is provided by a
conventional gravity connection.
The semi-active device is designed to achieve three different damping configurations:
1. Toggles fully locked, daily operations and blast loads. Both toggles are pushed vertically,
leading to the device locking in a high friction mode. This is the passive mode, since no
power input is required to maintain the toggles in the locked position. This configuration
behaves as a rigid connector for daily operations and the system performs similar to any
conventional cladding system with high stiffness. This configuration is also used to mitigate
blast loads. Assuming that the cladding itself resists the blast force, the impact force will
exceed the static friction resulting in slippage of the connection, therefore dissipating blast
energy through friction without delay.
2. Toggles semi-locked, extreme wind and seismic loads. The device performs as a variable
friction damper under a control force. This particular configuration is employed to control
interstory drift to limit damage to cladding (e.g. under extreme wind or seismic events).
3. Toggles retracted, high wind loads. The friction plates are fully disengaged, allowing the plate
to slide freely, and the resistance provided by the connection is minimal. This configuration
is also passive (no power input once the toggles are retracted), and can be used to limit
acceleration transfer to floors.
2.2.1 Friction Mechanism
In what follows, the Coulomb friction force generated by the device is derived as a function
of the actuator stroke. In the next section, a dynamic model building on these findings will be
presented to characterize the device’s behavior during sliding motion.
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(a) (b)
Figure 2.1: Schematic representation of the VFCC: (a) friction mechanism and (b) possible instal-
lation in a floor slab (top view).
(a) (b)
Figure 2.2: Schematic representation of the VFCC: (a) diagram of forces and (b) dimensional
configuration.
The force diagram of the VFCC is illustrated in Fig. 2.2(a). The actuator force Fa generates
an axial force T on the toggles, which in turn produces a normal force N on the friction plates.
These forces are written
T = kt∆lt (2.1)
N = kp∆hp (2.2)
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N = 2T sin θ (2.3)
where kt and kp are the toggles and friction plates stiffnesses, respectively, θ is the angle between
toggle and plate as shown in Fig. 2.2(b); and ∆lt and ∆hp are the geometric deformations of the
toggles and friction plates, with
∆lt = lt,0 − lt (2.4)
∆hp = hp,0 − hp (2.5)
where lt is the length of the toggles, hp the thickness of the friction plates, and subscript 0 relates
to the initial values. The distance H between the outer surfaces of both plates is given by
H = 2 (hp + lt sin θ) (2.6)
Since both the top and bottom friction plates are restrained (e.g., by a concrete slab), H remains
constant and the deformation of the friction plates is written
∆hp = lt sin θ − lt,0 sin θ0 (2.7)
where θ0 is the initial angle between the toggles and the friction plates. Substituting Eqs. (2.1)




(lt,0 − lt) sin θ (2.8)















Similarly, an expression for hp as a function of θ can be obtained by substituting Eq. (2.9) into
Eq. (2.7):
hp = hp,0 −
k
kp
lt,0(sin θ − sin θ0) (2.11)
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and an expression for N as a function of θ using Eq. (2.11) and Eq. (2.2):
N = klt,0(sin θ − sin θ0) (2.12)
The geometric relationship between actuator stroke s and θ can be given using Eq. (2.9):






































The device can be designed such that the stiffness of the sliding plates (along the direction of
their thicknesses) is significantly larger than the stiffness of the toggles (along the direction of their







with Eqs. (2.12) and (2.15) simplifying to
N = 2ktlt,0 (sin θ − sin θ0) (2.18)
s = 2lt,0 (cos θ0 − cot θ sin θ0) (2.19)
and the relationship between N and s is written
N = 2ktlt,0 sin θ0
 1√
(cos θ0 − s2lt,0 )
2 + sin2 θ0
− 1
 (2.20)
As illustrated in Fig. 2.2, the compressive pressure p on the friction plates generated by toggle






where Ac|max = bp(lp − 2d) is the maximum contact area of the friction plates under the normal
pressure, lp and bp are the length and width of the friction plate, respectively, and d is the distance
between the toggle and the end of the friction plate. The effective contact area of the friction plates
under the normal pressure depends on the relative displacement between friction plates y with
Ac =

bp(lp − 2d) if 0 ≤ y < d
bp(lp − d− y) if d ≤ y ≤ lp − d
0 if lp − d < y ≤ lp
(2.22)









2µN if 0 ≤ y < d
2µN
lp−y−d
lp−2d if d ≤ y ≤ lp − d
0 if lp − d < y ≤ lp
(2.24)
where µ is the coefficient of friction.
2.3 Dynamic Model
In this section, a dynamic model is derived to characterize the behavior of the device under
dynamic sliding motion. The LuGre friction model is selected due to its known simplicity and
capability to model the Stribeck effect and rate dependent friction phenomena (Lischinsky et al.,
1999; Khayati et al., 2009). Under the LuGre model, the friction force Ff is written
Ff (x) = σ0z + σ1ż + σ2ẋ (2.25)
with
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where σ0, σ1, and σ2 are constants representing the stiffness of the bristles, microdamping, and
viscous friction, respectively, x is the sliding displacement of the inner friction plate and taken as
x = y0 − y with x = 0 corresponding to the initial location of the sliding plates y0 as illustrated in
Fig.2.2(b), ẋ the sliding velocity, ẋs a constant modeling the Stribeck velocity, z an evolutionary
variable, g(ẋ) a function that describes the Stribeck effect, Fc the Coulomb friction force and Fs
the magnitude of the Stribeck effect.
Fig. 2.3 are plots of a typical dynamic response of the VFCC over a harmonic excitation (taken
at 0.05 Hz, ± 13 mm (0.50 in), in the locked position (s = 20 mm (0.80 in) or θ = 90◦), with
y = 64 ± 13 mm (2.5 ± 0.5 in) corresponding to x = 0 ± 13 mm (0.5 in). The asymmetric shape
of force-displacement loop is caused from the effective friction contact area Ac under a constant
normal pressure in the friction plate, and could be modified through altering the geometry of the
friction plates. With this configuration, d < y < lp − d and the Coulomb friction force Fc can be
written
Fc =
lp − d− y0 + x
lp − d− y0
Fc,0 (2.29)
with Fc,0 representing the initial Coulomb friction force at x = 0
Fc,0 = 2µN





Figure 2.3: Dynamic response of the VFCC at 0.05 Hz, ±13 mm (±0.50 in), s = 20 mm (0.80 in)
(θ = 90◦) : (a) force-displacement (0.05 Hz) and (b) force-velocity (0.05 Hz).
The magnitude of the Stribeck effect Fs is modeled as proportional function of the Coulomb
friction force Fc
Fs = ρFc (2.31)
Fs,0 = ρFc,0 (2.32)
where ρ > 1 is a constant and Fs,0 is the magnitude of the Stribeck effect at x = 0. In this
representation, the initial Coulomb friction force varies with the actuator stroke s. An expression
is obtained by substituting N from Eq. (2.20)
Fc,0 = 4µkt




(cos θ0 − s2lt,0 )





ϕ(s) = lt,0 sin θ0
 1√
(cos θ0 − s2lt,0 )




In addition, previous investigations (Cao et al., 2015b; Downey et al., 2016) demonstrated that
constant σ0 varies linearly with N . Here, for simplicity, we assume that σ0 varies linearly with s
with
σ0 = Cσ0s+ σ0|s=0 (2.36)
Lastly, also based on previous investigations, all other parameters are taken as independent on
s, and none of the parameters depend on frequency.
2.4 Identification of Model Parameters
The parameters of the dynamic models were identified on a prototype subjected to harmonic
loadings. In what follows, the prototype is described, the testing methodology discussed, and results
presented. The subsequent section will validate the identified model on non-stationary excitations.
It should be noted that for the prototype model no consideration was made for parts fabrication
from materials suitable for actual use in the unprotected outdoor environment. For actual full scale
use, corrosion resistant materials, metal plating, and powder coating technology would be expected
to be used on the parts and connections of the device to allow long term use without maintenance.
2.4.1 Prototype
A prototype of the VFCC was fabricated using 3D printing of an acrylonitrile butadiene styrene
(ABS) polymer. The friction interfaces consist of a metal-free brake and clutch lining (also termed
nonmetallic molded strip) pad acquired from McMaster-Carr (mcmaster, 2016) on a steel plate.
The steel plate is used to minimize wear at the friction interface. The nonmetallic pad is used
due to its high temperature resistance, high friction, and generally excellent wear resistance (Xiao
et al., 2016). The pad supplier’s specification sheet lists a maximum coefficient of friction of 0.47
and an operating temperature up to 480◦C. While its wear rate is not provided, the wear rate of a
nonmetallic pad made of phenolic resin and glass fiber was reported to be 2.5× 10−5 mm3(N·m)−1
under sliding speeds below 7 m/s (Öztürk et al., 2013). Note that the VFCC application in civil
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structure is considered to be of high intensity over infrequent short periods of time due to the
nature of mitigated excitation, whereas it is hypothesized that the choice of friction material would
be adequate. For example, the authors previously simulated a cast-iron on cast-iron variable friction
device used to mitigate wind excitation in (Laflamme et al., 2012b), and results show that with
the device used in a passive-on regime (full friction), the temperature would only increase by a
maximum of 75◦C over 50 seconds, and by a maximum of 60◦C over 50 seconds when used in
a semi-active regime. A possible alternative to the metal-free brake and clutch lining pad is a
high-strength brake and clutch lining (also termed semimetallic woven strip) pad, which is rated
with a maximum friction coefficient of 0.51 and an operating temperature up to 500◦C (mcmaster,
2016). Also, cast-iron on cast-iron could be considered in the event that clutch lining would pose
long-term durability issues. The variation of the friction coefficient as a function of temperature is
not available in the specification sheet from the supplier. However, any variation in friction would
be handled by the controller – the use of the device in a semi-active regime is left to future work.
Because the friction material selected is comparable to that used in automotive/industrial braking
systems, the variation in friction coefficient with operating temperatures is expected to be minimal.
A picture of the prototype mounted in an aluminum frame (for testing) is shown in Fig. 2.4(a) with
its 3D printed components shown in Fig. 2.4(b), and its dimensions listed in Table 2.1. During
test, the actuator stroke was emulated by using fixed spacers between both toggles.
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(a) (b)
Figure 2.4: Picture of the VFCC: (a) prototype mounted in an aluminum frame for testing; and
(b) 3D printed components of the prototype.
Table 2.1: Design parameters of the VFCC prototype.
parameter variable value units
plate length lp 165 (6.50) mm (in)
plate width bp 60 (2.36) mm (in)
initial plates thickness hp,0 50 (1.97) mm (in)
initial toggle length lt,0 40 (1.57) mm (in)
toggle width bt 20 (0.79) mm (in)
toggle thickness ht 10 (0.39) mm (in)
toggle to plate end distance d 45 (1.75) mm (in)
outer plates distance H 177 (6.98) mm (in)
initial angle θ0 1.32 (75.6) rad (
◦)
initial relative plate displacement y0 64 (2.50) mm (in)
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2.4.2 Methodology
The prototype was mounted in an aluminum frame to restrain the outer sliding friction plates,
and the frame installed in a 500 kN (110 k) Servo Hydraulic Material Testing Machine 810. Force
and displacement data were obtained from a data acquisition system at 100 Hz. The device was
subjected to a displacement-controlled harmonic load during two hours to first wear the lining sur-
faces in both the forward and backward directions in order to provide a constant surface throughout
the sliding areas.
After this preparation, the VFCC was subjected to five cycles of displacement-controlled har-
monic load of 13 mm (0.50 in) amplitude at 0.05 and 0.2 Hz. These tests were repeated under
actuator stroke lengths s from 0 to 20 mm (0.80 in) in 2 mm (0.08 in) increments. A stroke s = 0
(θ = θ0) in the tested configuration was set such that friction plates were barely in contact, while
s = 20 mm (0.80 in) provides a fully locked position (θ = 90◦). The initial position x = 0 mm pro-
vides an average effective contact area Ac,0 = bp(lp− d− y0) under normal pressure, and xmax = 13
mm (0.50 in) corresponds to the maximum effective contact area Ac,max = bp(lp − d− y0 + xmax).
2.4.3 Results
First, constants Cc and ρ are determined from experimental test data. Fig. 2.5(a) is a plot of
the experimental values obtained for Cc = Fc,0/ϕ as a function of s, while Fig. 2.5(b) is a plot of
the experimental values obtained for ρ = Fs,0/Fc,0. In both cases, the experimental value can be
modeled by a constant (linear fit), except for lower values of the actuator stroke (s ≤ 4 mm), which
could be attributed to an irregular behavior occurring when the normal force N applied onto the
sliding plates is low.
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(a) (b)
Figure 2.5: Identification of model constants (a) Cc; and (b) ρ.
Second, values obtained for Cc and ρ are integrated in the dynamic model, and parameters σ0,
σ1, and σ2 identified by minimizing the error function J :
Ji =‖ F̂f,i − Ff,i ‖2 (2.37)
where Ff is the friction force measured experimentally, F̂f the friction force estimated by the model,
i is a test associated with a given actuator stroke length s, and ‖ . ‖2 is the Euclidean norm. The
dependence of σ0 on s is estimated using the command lsqcurvefit in MATLAB. Fig. 2.6 is a plot
of the estimated values for σ0, along with a linear fit yielding values for Cσ0 and σ0|s=0. Table 2.2
summarizes the identified model parameters.
30
Figure 2.6: Plot of σ0 versus s.
Table 2.2: Identified model parameters.
parameter units value
ρ – 1.052
Cc kN · mm−1 (kip · in−1) 0.321 (1.834)
Cσ0 kN · mm−2 (kip · in−2) 0.043 (6.240)
σ0|s=0 kN · mm−1 (kip · in−1) 1.302 (7.432)
σ1 N · s · mm−1 (lb · s · in−1) 0.200 (1.142)
σ2 N · s · mm−1 (lb · s · in−1) 0.200 (1.142)
Figs. 2.7 and 2.8 show the experimental data fitting using the model based on the identified
parameters listed in Table 2.2. Plots show the force-displacement and force-velocity loops for two
representative stroke lengths: s = 12 mm (0.48 in) which represents an unlocked and average
actuated stoke length, and s = 20 mm (0.80 in) which represents the locked position. There is
good agreement between experimental data and model values. A higher level of noise occurs under
the higher excitation frequency (0.2 Hz) and larger actuator stroke (s = 20 mm (0.80 in)). This
noise is likely caused from unsteady contacts between spacers and toggles. The spacers do not
attach firmly with the toggles and cause chattering of the normal force on the friction plate under
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this higher excitation frequency. It is anticipated that this phenomenon would be highly reduced
or eliminated when using an actuator that would connect firmly to the toggles. Fig. 2.9 are plots
of the force-displacement and force-velocity loops obtained from the dynamic model for a harmonic
excitation of 13 mm (0.50 in) at 0.05 Hz under various levels of actuator stroke.
(a) (b)
(c) (d)
Figure 2.7: Harmonic test at stroke length s = 12 mm (0.48 in) (unlocked position): (a) force-





Figure 2.8: Harmonic test at stroke length s = 20 mm (0.80 in) (locked position): (a) force-




Figure 2.9: (a) Force-displacement and (b) force velocity loops for a harmonic excitation of 13 mm
(0.50 in) at 0.05 Hz.
2.5 Model validation under non-stationary excitations
The tuned dynamic friction model is validated using a methodology similar to (Cao et al.,
2015b). The methodology consists of directly subjecting the device to seismic excitations due to
their rich frequency content and varying amplitudes, representing an extreme input for verification
purposes. Note that a direct seismic excitation input does not necessarily represent the excitation
on the device installed into a structural frame, but gives a useful indication of the device’s dynamic
performance under a non-stationary excitation. The seismic excitations are the 1979 Imperial
Valley earthquake and the 1961 Hollister earthquake. The excitation records were obtained from
USGS Station 5155 and USGS Station 1028, respectively, extracted from the PEER ground motion
record database (Peer, 2011). Ground displacements were computed by double integrating the
ground acceleration data and scaled to a maximum of 10.2 mm (0.4 in) to match the limitations of
the testing equipment at high frequencies. The acceleration and scaled displacement time histories




Figure 2.10: Earthquake input excitations: (a) unscaled ground acceleration (Imperial Valley earth-
quake); (b) unscaled ground acceleration (Hollister earthquake); (c) scaled ground displacement
(Imperial Valley earthquake); and (d) scaled ground displacement (Hollister earthquake).
Figs. 2.11 to 2.14 show the experimental data fitting for each seismic excitation under two
representative strokes (s = 12 mm (0.48 in) and s = 20 mm (0.80 in)). There is good agreement
between the experimental data and the values estimated from the model. The fit of the response to
the Imperial Valley earthquake under s = 12 mm (0.48 in) shows a significant underestimation at
the end of the time series (Fig. 2.11(a)), which can be attributed to a residual force in the testing
machine at the end of the test. This phenomenon is not observed in other results. In addition, there
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is a small disagreement in the fit at higher stroke (Figs. 2.13 and 2.14) when the motion reverses
(bottom-right corner of the force-displacement loops). This is attributable to a small asymmetry
in the VFCC that becomes more apparent under higher friction forces, where the forward and




Figure 2.11: Imperial Valley earthquake at unlocked condition (s = 12 mm (0.48 in)): (a) time




Figure 2.12: Hollister earthquake at unlocked condition (s = 12 mm (0.48 in)): (a) time history of




Figure 2.13: Imperial Valley earthquake at locked condition (s = 20 mm (0.80 in)): (a) time history




Figure 2.14: Hollister earthquake at locked condition (s = 20 mm (0.80 in)): (a) time history of
damping force; (b) force-displacement loop; and (c) force-velocity loop.
2.6 Conclusion
This paper introduced a novel semi-active friction device for connecting a cladding panel to
the structural system. The device, termed the variable friction cladding connection (VFCC), was
designed to mitigate different types of hazards. It consists of two sets of sliding friction plates
onto which a variable normal fore can be applied through an actuated toggle system. In a locked
position, which is also its passive mode, the device provides a maximum friction resistance, therefore
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providing mitigation capabilities versus blast. It can also be entirely disengaged or actuated in order
to mitigate earthquake and wind excitations.
A static model was derived to obtain an expression relating the Coulomb friction force to the
actuator stroke. This relationship was then used within a dynamic friction model to characterize
the dynamic behavior of the device. A prototype VFCC was fabricated using 3D printing and
tested to identify the model parameters using harmonic loadings. The tuned dynamic model was
validated on non-stationary excitations under various actuator stroke. Results from the harmonic
loadings showed that the dynamic model agreed with the experimental data. Results from the non-
stationary excitations demonstrated good performance of the model at estimating the response
of the VFCC, despite a slight disagreement between the model and experimental data under high
actuator stroke that occurred when the sliding direction reversed. This disagreement was attributed
to asymmetries in the prototype.
The model and experimental results presented in this paper demonstrated that the device could
function as designed for providing variable friction capabilities to a cladding connection. Combined
with a proper performance-based design methodology and a controller, the VFCC could have great
potential at mitigating multi-hazards, either individually or combined. Future work includes testing
of the integrated VFCC into a semi-active cladding system resisting blast, wind, and seismic loads,
and developing performance-based design methodologies.
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Abstract
Cladding systems typically serve architectural purposes and protect occupants against the ex-
ternal environment. It is possible to leverage these systems to enhance structural resiliency. A
common application is the use of blast resistant panels for enhanced protection against man-made
hazards, whereas energy is dissipated through sacrificial elements. However, because these protec-
tion systems are passive, their mitigation capabilities are bandwidth limited, therefore targeting
single types of hazards. The authors have recently proposed a novel variable friction cladding con-
nection (VFCC), which enables the leveraging of cladding inertia for mitigating blast, wind, and
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seismic hazards. The variation in the friction force is generated by an actuator applying pressure
onto sliding friction plates via a toggle system. Previous work has characterized the dynamic be-
havior of a VFCC prototype, and established design procedures for blast mitigation applications.
Here, work is extended for applications to wind mitigation. An analytical model is developed to
characterize the dynamic behavior of the VFCC for wind-induced vibrations. A motion-based de-
sign framework is developed to enable an holistic integration of the device within the structural
design phase. Numerical simulations are conducted on a 24-story building example to demonstrate
the motion-based design methodology. Results show that the semi-active cladding system pro-
vides significant reduction in the wind-induced inter-story drift and floor acceleration, therefore
demonstrating the promise of the VFCC for field applications.
Keywords: Motion-based design, cladding connection, wind mitigation, semi-active control,
variable friction, high performance control system
3.1 Introduction
Motion-based design (MBD) of civil structures is a design methodology that consists of sizing
stiffness elements and supplemental damping systems to achieve a desirable structural performance
(Connor and Laflamme, 2014). However, when multiple excitation inputs are considered either in-
dividually or combined, termed multi-hazards, the MBD approach becomes difficult to implement
due to potentially conflicting objectives that may not be simultaneously attained with a tradi-
tional structural system. For instance, passive energy dissipation systems have bandwidth-limited
mitigation capabilities (Laflamme et al., 2012a; Saaed et al., 2015).
A solution is the utilization of high performance control systems (HPCSs) that include active
(Ubertini, 2008; Materazzi and Ubertini, 2012; Venanzi et al., 2013), semi-active (Cao et al., 2016a;
Downey et al., 2016; Amjadian and Agrawal, 2017b) and hybrid control systems (Love et al., 2011;
Shin et al., 2013; Høgsberg and Brodersen, 2016). These systems have the particularity of being
alterable for adapting to different dynamics, which makes them ideal for multi-hazard mitigation
(Spencer Jr and Nagarajaiah, 2003; Cao and Laflamme, 2018).
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Several types of HPCSs have been proposed of the last decades, with the common objective to
provide high mitigation capability on limited power input. Of interest to this paper is the concept of
multifunctional cladding systems, where cladding inertia is leveraged to provide vibration mitigation
functions. Early work studied blast mitigation capabilities by sacrificing the cladding panel itself.
Strategies included double-layer foam cladding (Ma and Ye, 2007b), sandwich cladding (Alberdi
et al., 2013a; Naito et al., 2014), tube-core cladding (Theobald and Nurick, 2010b) and metal layer
cladding (Langdon and Schleyer, 2006). Advanced cladding connections have also been proposed
for blast mitigation. For example, Amadio and Bedon (Amadio and Bedon, 2012b) developed a
viscoelastic spider connector for cable-supported glazing facades. Chen and Hao (Chen and Hao,
2013b,c) introduced a rotational friction hinge for sandwich panels. Wang et al. (Wang et al.,
2017a) experimentally investigated a blast-absorbing cladding connector fabricated from aluminum
foam and curved plates. Others have studied wind and seismic mitigation applications. Baird et
al. (Baird et al., 2011) have proposed a U-shape flexural plate dissipator formed by bending a mild
steel plate and experimentally investigated its performance at seismic mitigation. Ferrara et al.
(Ferrara et al., 2011) and Biondini et al. (Biondini et al., 2014) tested bolted friction connectors
joining individual cladding elements for energy dissipation. Maneetes et al. (Maneetes and Memari,
2014a) studied a spandrel-type precast concrete cladding using supplementary friction devices to
establish a lateral force resisting system.
It follows that the vast majority, if not all, of the proposed energy dissipation systems leverag-
ing cladding systems are passive strategies. In order to further the applicability to multi-hazard
mitigation, the authors have proposed a semi-active cladding connector, termed Variable Friction
Cladding Connection (VFCC) (Gong et al., 2018a; Cao et al., 2018b). The VFCC is a variable
friction device that is engineered to laterally connect cladding elements to the structural system.
The variation in the friction force is generated by an actuator applying pressure onto sliding fric-
tion plates via a toggle system. Various damping devices based on variable friction mechanism
have been studied for structural control applications, including electromechanical- (Narasimhan
and Nagarajaiah, 2006; Kawamoto et al., 2008), electromagnetic- (Lorenz et al., 2006; Dai et al.,
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2012), magnetorheological- (Karkoub and Zribi, 2006; Bharti et al., 2010), hydraulic- (Cao et al.,
2015a; Mirtaheri et al., 2011), and piezoelectric- (Zhao and Li, 2010; Pardo-Varela and Llera, 2015)
based technologies. The proposed device is novel by being engineered to leverage cladding panels
for vibration mitigation.
In previous work, a prototype of the VFCC has been fabricated, experimentally tested, and
its dynamic behavior characterized (Gong et al., 2018a). Afterwards, its passive application for
blast energy absorption was studied and a MBD developed (Cao et al., 2018b). In this paper,
the authors extend work to wind-induced vibrations. An analytical model is developed based on
cladding-structure transfer functions. It is followed by the development of MBD procedures, which
leads to the selection of cladding connection properties, including connection stiffness and device
damping capacity. While the paper does not consider multi-hazards, results are to be incorporated
in future work on multi-hazard applications of the VFCC. Work presented in this paper is different
from the investigation on blast loads, because the device is used here in semi-active mode.
The paper is organized as follows. Section 3.2 provides the background on the VFCC device and
its dynamics. Section 4.3.2 derives a structure-cladding model along with its associated transfer
functions to facilitate the MBD procedure. Section 3.4 develops the MBD procedure used to
determine the dynamic parameters of the VFCC. Section 5.5 demonstrates the VFCC and the
MBD procedure through numerical simulations conducted on a 24-story building. Section 5.6
concludes the paper.
3.2 Variable Friction Cladding Connection
The VFCC is a variable friction device engineered to laterally connect cladding elements to
the structural system. The device is schematized in Fig. 4.1(a) and shown in Fig.4.1(b). The
device consists of two sets of sliding friction plates upon which a variable pressure is applied by an
actuator through toggles. Piezoelectric-based (Pardo-Varela and Llera, 2015) or electromagnetic-
based (Amjadian and Agrawal, 2017a) technologies could be good candidates to actuate the device.
Figure 4.1(b) shows a spacer in lieu of the actuator. These spacers were used to emulate actuation
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during the dynamic characterization process in (Gong et al., 2018a) by maintaining a constant
displacement on the toggle. The figure also shows the aluminum frame that was used to mount the
device in the testing machine, where the applied force is acting vertically. The blocks are used to
prevent the toggles from pushing beyond a vertical alignment.
(a) (b)
Figure 3.1: (a) Schematic representation of the VFCC; and (b) annotated picture of a prototype.
Figure 3.2: Example configuration of the VFCC installed in a floor slab (top view) with diagram
of forces.
Figure 4.2 illustrates a possible configuration of the device, where it is embedded into a floor
slab with the inner plates extended outward to connect to the cladding panel. The actuator force
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Fa produces an axial force Ft onto the toggles, which in turn generates a normal force N onto the
friction plates. A compressive pressure pc is consequently applied and is assumed to be uniformly





where Ac,max = bp(lp − 2d) is the maximum contact area of the friction plates under the normal
pressure, bp and lp are the width and length of the friction plate, respectively, and d is the distance
between the toggle and the end of the friction plate, as illustrated in Fig. 4.2. The effective contact
area Ac between friction plates varies with their relative displacement y and the generated Coulomb






2µcN if 0 ≤ y < d
2µcN
lp−d−y
lp−2d if d ≤ y ≤ lp − d
0 if lp − d < y ≤ lp
(3.2)
where µc is the friction coefficient.
The dynamic friction behavior of the VFCC prototype was previously characterized using a
modified LuGre friction model (Gong et al., 2018a). The dynamic friction force Ff is given by
Ff (x) = σ0ζ + σ1ζ̇ + σ2ẋ (3.3)
with




g(ẋ) = Fc(x) + [Fs(x)− Fc(x)] e−(ẋ/ẋm)
2
(3.5)
where σ0, σ1, and σ2 are constants that model the stiffness of the bristles, microdamping, and
viscous friction, respectively; x is the sliding displacement of the inner friction plates and taken as
x = y0 − y; ẋ is the sliding velocity, ẋm is a constant representing the Stribeck velocity, ζ is an
evolutionary variable, g(ẋ) is a function that describes the Stribeck effect, and Fs and Fc are the
magnitude of the Stribeck effect and the Coulomb friction force, respectively.
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Fig. 4.3 plots the dynamic response of a 0.5 kN capacity VFCC prototype under a harmonic
excitation of amplitude 13 mm at 0.05 Hz in terms of actuation capacity using the parameterized
LuGre friction model. In this configuration, d ≤ y ≤ lp−d and the Coulomb friction force Fc given
by
Fc(x) =
lp − d− y0 + x
lp − d− y0
Fc0 (3.6)
where Fc0 represents the initial Coulomb friction force at x = 0. Parameters Fs and σ0 are modeled
as proportional to Fc
Fs = CsFc (3.7)
σ0 = CσFc0 + σ0|Fc0=0 (3.8)
where Cs > 1 and Cσ are constants. Table 5.1 lists parameters of the VFCC prototype characterized
in (Gong et al., 2018a).
(a) (b)
Figure 3.3: Dynamics of the VFCC under a harmonic excitation of amplitude 13 mm at 0.05 Hz
under various levels of actuation capacity: (a) force-displacement loop; and (b) force-velocity loop.
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3.3 Analytical Transfer Functions
This section derives the analytical transfer functions of a linear time-invariant structure-cladding
system used for the MBD procedure. The equations of motion are first derived, followed by the
non-dimensional transfer functions.
3.3.1 Equations of motion
Fig. 4.4 is the diagram of a n-story structure equipped with a cladding system and VFCCs. The
primary structure is represented by a lumped-mass shear system and the cladding panel at each floor
is modeled as a uniform rigid bar connected to adjacent floors. The lateral cladding connection is
represented by a stiffness element kc, a viscous damping element cc0, and a variable friction element
Ff . In this configuration, the VFCC is assumed to provide only lateral resistance. The gravity
resistance is considered as decoupled and provided by conventional gravity connections. To develop
a mathematically trackable analytical solution, the friction element Ff is assumed to be under a
constant maximum capacity (i.e., passive-on configuration) and the corresponding passive friction
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element is transformed into an equivalent viscous damping element cv (Connor and Laflamme,
2014), yielding a general viscous damping element for the connection cc




where Ω is the excitation frequency and x̂ is the amplitude of structure-cladding displacement
due to the dynamic load. Note that this assumption does not hold for the intended semi-active
application, and only provides a rough approximation of the friction behavior. The intent is to
develop a design procedure that would provide starting points in the sizing of the device. As it
will be discussed later, this technique will also require the approximation of the wind load into a
harmonic load.
(a)
Figure 3.4: Diagram of a n-story structure equipped with a cladding system and VFCCs.
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The equations of motion of the linear time-invariant n-story structure-cladding system with
equivalent viscous damping are given by
Msẍs + Csẋs + Ksxs = EcCcẋc + EcKcxc (3.10a)
Mcẍc + Ccẋc + Kcxc = Epp−McETc ẍs (3.10b)
where xs ∈ Rn×1 and xc ∈ R2n×1 are the displacement vectors of the primary structure and of the
cladding relative to the primary structure, respectively, p ∈ Rn×1 is the external load input vector,
Ep ∈ R2n×n and Ec ∈ Rn×2n are the external loading and cladding location matrices, respectively,
and Ms ∈ Rn×n, Cs ∈ Rn×n, Ks ∈ Rn×n are the mass, damping, and stiffness matrices of the
primary structure and Mc ∈ R2n×2n, Cc ∈ R2n×2n, Kc ∈ R2n×2n are the mass, damping, and
stiffness matrices associated with the cladding system.
The mass of the cladding panel at each floor mc is taken to be identical at the preliminary
design stage for simplicity. The cladding connection, which includes the lateral stiffness kc and the
equivalent viscous damping cc, is assumed to be identical at each floor for simplicity of the design
process and field implementation. The mass, damping, and stiffness matrices of the cladding
elements, Mc ∈ R2n×2n, Cc ∈ R2n×2n, Kc ∈ R2n×2n, are element diagonal matrices composed with
















Figure 3.5: Diagram of the ith cladding element connected to adjacent floors: (a) two DOFs
representation; and (b) SDOF representation.
Fig. 4.5(a) illustrates the two degrees-of-freedom (DOFs) representation of the ith cladding
element connected to adjacent floors. Its equation of motion is written
mcẍc,i + ccẋc,i + kcxc,i = eppi −mcẍs,i (3.11)
where xs,i = [xs,i−1 xs,i]
T and xc,i = [xc,2i−1 xc,2i]
T are the displacement vectors of the primary
structure and of the ith cladding element relative to its connected floors, respectively, pi is the





T is the load location vector. Note that
the first cladding panel (i.e., i = 1) is connected to the ground and to the first floor, as illustrated
in Fig. 4.4 and xs,0 corresponds to ground motion, which is taken as xs,0 = 0 for wind loading.
To obtain a mathematically trackable displacement vector xc,i, its dynamics is expressed in
terms of the modal vectors Φcr and modal coordinates qcr,i (r = 1, 2) for DOFs r = 1, 2, and is
assumed to be governed by the first mode
xc,i ≈ Φc1qc1,i (3.12)
where qc1,i is the modal coordinate of the first mode and Φc1 = [φc,11 φc,12]
T = [1 1]T, obtained
by solving the algebraic equation [kc − ω2cmc]Φc1 = 0 (Chopra, 2007). Pre-multiplying Eq. 5.18
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by ΦTc1 and substituting xc,i from Eq.5.3.1.2 yields a linear time-invariant single DOF (SDOF)
expression governing the dynamics of the cladding element




with the equivalent cladding mass mce, damping cce, and stiffness kce
mce = Φ
T
c1mcΦc1 = mc cce = Φ
T
c1ccΦc1 = 2cc and kce = Φ
T
c1kcΦc1 = 2kc
where the displacement qc1,i ≈ xc,2i−1 ≈ xc,2i. The SDOF schematic representation is illustrated in
Fig. 4.5(b).
Similarly, the displacement vector of the primary structure xs is written in terms of its modal
vectors Φsk and modal coordinates qsk (k = 1, 2, ..., n), with the assumption that its dynamic




Φskqsk ≈ Φs1qs1 (3.14)
where Φs1 = [φs,11 φs,12 . . . φs,1n]
T with φs,1n normalized to unity. Pre-multiplying Eq. 5.16
by ΦTs1 and substituting xs from Eq.5.3.1.2 yields an uncoupled equation of motion for qs1,





with the equivalent structural mass mse, damping cse, and stiffness kse equal to
mse = Φ
T
s1MsΦs1 cse = Φ
T
s1CsΦs1 and kse = Φ
T
s1KsΦs1
where qs1 ≈ xsn is the displacement of the SDOF structure and the damping matrix Cs is taken
proportional to the stiffness matrix Ks.
It follows that the governing equations of motion of the linear time-invariant structure-cladding
system are reduced to
mseq̈s1 + cseq̇s1 + kseqs1 =
n∑
i=1
αi(kceqc1,i + cceq̇c1,i) (3.16a)
mceq̈c1,i + cceq̇c1,i + kceqc1,i = pi − αimceq̈s1 (3.16b)
where αi =
1




3.3.2 Non-dimensional transfer functions
To derive the non-dimensional transfer functions, the wind load pi is approximated as a harmonic
excitation pi(t) = p̂ie
jΩt. The corresponding steady state response of the structure-cladding system





where the hat denotes an amplitude, j is the imaginary unit, Ω the excitation frequency, and δ the
phase.
Substituting Eq. 3.17 into Eqs. 5.22 and 5.23 yields
(
kse −mseΩ2 + jcseΩ
)
q̂s1e






kce −mceΩ2 + jcceΩ
)
q̂c1,ie
jδci = p̂i + αimceΩ
2q̂s1e
jδs (3.18b)













αip̂i is the amplitude of the equivalent load and Γ =
n∑
i=1
α2i . Substituting Eq. 3.19














p̂e (kce −mceΩ2 + jcceΩ)
(3.20)


























yields non-dimensional transfer functions Hs(λ) and Hc,i(λ) that represent the dynamic amplifica-
tion of the displacement of the SDOF structure and of the displacement of the ith cladding relative















µ(f2 − λ2) + j2ξcµfλ
(3.21)
An additional transfer function Ha(λ) representing the dynamic amplification of the structural






where the amplitude of the acceleration âs1 = Ω
2q̂s1.
3.4 Motion-Based Design Procedure
This section describes the MBD procedure associated with the semi-active cladding connection
used for wind hazard mitigation. This procedure is conducted assuming a passive behavior of the
device to provide preliminary design values, including a preliminary value for the VFCC’s friction
capacity. To optimize the design parameters, one would be required to conduct simulations with
semi-active control rules. Such a design strategy is commonly used in the design of semi-active or
hybrid control systems in order to provide a target damping capacity (Cao et al., 2016a; Scruggs
and Iwan, 2003; Hiemenz et al., 2008).
The procedure, diagrammed in Fig. 5.9, starts by quantifying the design wind load (e.g., return
period). After the allowable structural acceleration ap and inter-story drift ratio ∆p are defined, as
well as the allowable structure-cladding spacing lc, both based on the design wind load, the dynamic
parameters of the cladding connection consisting of stiffness kce and equivalent viscous damping
ratio ξc, are selected. Subsequently, three non-dimensional analytical solutions Ra, Rs, and Rc
associated with the maximum structural acceleration amax, the maximum drift ratio ∆max, and the
maximum structure-cladding spacing lmax, respectively, are used to verify the satisfaction of the
performance metrics. If the structural motion is unsatisfactory, the process is iterated by either
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re-designing dynamic parameters kce and ξc (option 1) or updating the allowable structure-cladding
spacing lc (option 2). These MBD steps are described in what follows.
Figure 3.6: Motion-based design procedure.
3.4.1 Wind load







where Cd is the drag coefficient, ρ is the air density, A is the cladding area exposed to the wind
pressure, and Vd(t) is the time-varying wind speed (Simiu and Scanlan, 1996)
Vd(t) = V + v(t) (3.24)
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where v(t) is a zero mean fluctuation of the wind flow Vd(t) around its mean wind speed V . The
design value for V is computed from a 3-second wind gust speed V0 that can be obtained from wind





where z∗ is the surface roughness length of the building’s terrain, and v∗ and v∗0 are the shear
velocities of wind flow of the building and open terrain, respectively. Example values for the ratio
v∗/v∗0 are listed in Table 3.2. Substituting Eq. 3.24 into Eq. 3.23, the wind load is expressed as







V 2 + v2(t)
]
+ ρCdAV v(t)
≈ P + p(t)
(3.26)
where v2(t) may be neglected for high-rising buildings or, as done in this paper, approximated into
a steady component using its mean value v2(t) (Simiu and Scanlan, 1996). The mean square value
of the wind fluctuation v2(t) can be written (Simiu and Scanlan, 1996)






where the constant β depends on surface roughness length at the building terrain, also listed in Table
3.2. The wind fluctuation v(t) at height z can be modeled as a stochastic process characterized by
















The fluctuating wind forces can be modeled as a zero-mean Gaussian stationary and spatiotem-
poral field that is characterized by its cross-spectral density function Sp(zi, zl,Ω) (Li et al., 2011)




where subscripts i and l refer to different heights, and the coherence function Coh is given by
(Emil Simiu, 1986)
Coh(zi, zl,Ω) = exp
[




Table 3.2: Terrain exposure constants.
ocean open terrain suburb city center downtown
z∗(m) 0.005 0.07 0.30 1.00 2.50
v∗/v∗0 0.83 1.00 1.15 1.33 1.46
β 6.5 6.0 5.25 4.85 4.00
3.4.2 Performance objectives
Motion criteria associated with wind-induced vibrations are linked to the average return period
of the wind excitation under consideration (e.g., 1, 10, 50 and 475 years). The drift ratio ∆p can
be selected on the basis of structural damage minimization. Typical values are within the range
1/750 ≤ ∆p ≤ 1/250 corresponding to a serviceability limit state (Chan and Wong, 2007).
The acceleration criterion ap is typically associated with building serviceability and its per-
formance threshold is left to the designer. Here, the selection of ap is conducted based on Refs.
(Melbourne and Palmer, 1992; Li et al., 2004) to ensure occupancy comfort. The acceleration
threshold ap (m·s−2) is function of the average return period Q (yr) and the fundamental frequency
of the structure ωs (Hz)




where T is the observation time of the wind event. A typical value for T is T = 3600 s (1 hr)
(Melbourne and Palmer, 1992). Fig. 5.10 plots different values for ap as a function of various ωs
and Q.
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Figure 3.7: Acceleration criterion ap as a function of ωs and Q.
Conventional cladding panels are connected to the structural system using vertical bearing
connections to support gravity loads and push-pull (tieback) connections to resist lateral loads
(Hunt, 2010). A common push-pull connection is a flexible threaded rod designed to either slide
inside a slot (sliding connection) or to bend (flexing connection) (Pantoli and Hutchinson, 2015b).
A minimum cladding-structure spacing lmin is required for the installation and maintenance of the
lateral connections, and this value can be as much as 15 cm (Pinelli et al., 1995). Here, allowable
structure-cladding spacing lc is selected such that lc ≥ lmin.
3.4.3 Connection design
A first step in the design of the cladding connection is the selection of the dynamic parameters.
This is done through initially selecting connection parameters and obtaining the peak building
responses based on three non-dimensional analytical solutions Ra, Rs and Rc, yielding amax, ∆max,
and lmax, respectively, to be compared with the performance objectives. These three analytical
solutions are derived in what follows, and their solutions verified in section 3.5.4.
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3.4.3.1 Maximum structural response
Consider the response of a structure exposed to wind where the wind velocity fluctuation is
taken as a stochastic stationary Gaussian process. The structural response q(t) is given by (Solari,
1993)
q(t) = q̄ + qs(t) (3.32)
where qs(t) is the zero mean fluctuation of structural displacement q(t) around its mean value
q̄. The mean static displacement q̄ can be obtained by applying the equivalent mean wind load





yielding q̄ = Pe/kse. Following Davenport’s method (Davenport, 1964), the expected maximum
displacement qmax over observation time T and the corresponding peak response factor η are given
by
qmax = q̄ + ησq
η =
√




where σq is the standard deviation of qs(t). The maximum structural acceleration amax = ησa
(Solari, 1993), where σa is the standard deviation of the wind-induced structural acceleration as(t).
The mean square values of the structural displacement and acceleration, σ2q and σ
2
a, are com-
puted by integrating the PSD based on the product of the fluctuating wind load component and the
transfer functions of the structure-cladding model (Li et al., 2004). For a lightly damped structure,
the response power spectrum is dominated by the contribution of the excitation power spectrum
around the natural frequency of the structure (Min et al., 2010; Crandall and Mark, 2014). It fol-
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lows that a constant power spectrum of the excitation at the first natural frequency of the structure


































αiαlSp(zi, zl,Ω) (Li et al.,
2004). A solution for the integration of transfer functions,Js and Ja, can be obtained using the





b20/a0(a2a3 − a1a4)− a3b21











a1(a2a3 − a1a4)− a0a23
(3.36b)
where a0 = f
2, a1 = 2ξcf + 2ξsf
2, a2 = −4ξcξsf − [1 + (1 + µΓ)f2], a3 = −2ξcf(1 + µΓ) − 2ξs,
a4 = 1, b0 = f
2, b1 = 2ξcf , b2 = f
2, and b3 = 2ξcf . Two non-dimensional analytical solutions Ra




















where the maximum inter-story drift ratio ∆max = maxi
∣∣φs,1i−φs,1i−1
hi
∣∣qmax based on the assumption
that the structure vibrates at its first modal shape and hi is the inter-story height of the i
th floor.
3.4.3.2 Structure-cladding spacing
The maximum relative displacement between the cladding and the primary structure lmax is
estimated using the mean and fluctuating wind force components
lmax = maxi|li + q̂c1,i| (3.38)
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where li = Pi/kce is the displacement of the i
th cladding relative to that of the connected floor due
to the mean static wind force component, and q̂c1,i is the maximum relative displacement resulting
from the fluctuating wind force component p(t). Unlike for the computation of Ra and Rs, the
cladding response analysis using PSD of a stochastic wind load excitation could require numerical
simulations unless a simplification for the term p̂i/p̂e is conducted in Hc,i(λ) (Eq. 3.21). Instead,
the forcing fluctuation of the wind flow pi(t) is directly simplified as a harmonic process to obtain
a mathematically trackable solution for q̂c1,i. Although numerical solutions are more exact, the
mathematically trackable solutions enables a quick estimation of the structure-cladding spacing
and therefore facilitates a selection of design parameters during the structural design phase. The
quality of the analytical solution will be discussed in Section 3.5.4. The approximate harmonic
wind velocity fluctuation vi(t) is then written
vi(t) = v̂i sin(ωt) (3.39)
where v̂i is the amplitude of the harmonic excitation. The mean square value of vi(t) is written
(Brown and Hwang, 1997)











Combining Eqs. 3.27 and 3.40 yields an amplitude for the wind fluctuation v̂i =
√
2βv∗ and
the fluctuating wind load component is taken as
pi(t) = p̂i sin(ωt) =
√
2βv∗ρCdAiVi sin(ωt) (3.41)










It follows that the maximum cladding-structure displacement q̂c1,i attributed to the fluctuating






where Ĥc,i = max|Hc,i(λ)| represents the maximum value of the amplitude of the transfer function
Hc,i(λ) over the excitation frequency ratio λ. The non-dimensional analytical solution Rc is used















3.4.3.3 Dynamic parameters for cladding connection
The dynamic parameters for the cladding connection are selected on the basis of all three
analytical solutions Ra, Rs, and Rc. First, the structure-cladding displacement ln (i.e., ln ≤ lc) due
to the mean static wind force component Pn at the top floor is assigned, yielding
kce = Pn/ln (3.45)




obtained. Third, the damping ratio of the connection ξc is selected through a minimization of the
structural acceleration, because acceleration is mostly related to serviceability under wind hazards.
Fourth, using Eq. 3.35b, an estimated value for ξc is obtained by setting ∂Ja/∂ξc = 0. For









and applying ∂Ja/∂ξc = 0 yields
ξc = 0.5f (3.46)
where note that structural damping is not considered to be negligible (ξs 6= 0) in the computation
of the peak building responses. The resulting peak structural responses are then compared against
the performance objectives. If amax ≤ ap, ∆max ≤ ∆p, and lmax ≤ lc, the design is completed.
Otherwise, an additional iteration is required, where the design parameters kce, ξc, and/or lc are
altered until the process is completed. The friction damping capacity Fcp at each connection is then
obtained using Eq. 3.9 with the VFCC arbitrarily designed for a harmonic excitation acting on the
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first natural frequency of the structure ωs and the amplitude of structure-cladding displacement










Numerical simulations are conducted on a 24-story office occupancy building located in Los
Angeles, CA (Gong et al., 2018c). The office tower is a steel moment-resisting frame structure with
six bays in the North-South direction and eight bays in the East-West direction. Each bay is 9
m wide and each floor is 3.9 m high, except for the first floor that is 4.5 m high. The building is
simulated as a lumped-mass shear system in the East-West direction. The dynamic properties of
the primary structure are listed in Table 5.6. The structural damping ratio is assumed to ξs = 1%.
The cladding is taken as concrete panels with 30% window opening area and the thicknesses of the
concrete and glass panels are 15 cm and 0.6 cm, respectively (Pantoli and Hutchinson, 2015b). The
densities of the concrete and glass are taken as 2400 kg/m3 and 2800 kg/m3, respectively, giving a
cladding mass of 5.51 × 104 kg at each floor, except at the first floor where its mass is 6.36 × 104
kg.
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Table 3.3: Dynamic properties of building.
floor mass stiffness damping floor mass stiffness damping
(103 kg) (kN/m) (kN·s/m) (103 kg) (kN/m) (kN·s/m)
24 1423 67355 1068 12 2011 622953 9879
23 2011 125646 1993 11 2011 668616 10603
22 2011 177431 2814 10 2011 713378 11313
21 2011 224212 3556 9 2011 761873 12082
20 2011 271092 4299 8 2011 818123 12974
19 2011 315938 5010 7 2011 913068 14480
18 2011 359101 5695 6 2011 102413 16241
17 2011 398817 6325 5 2011 111175 17631
16 2011 436525 6923 4 2011 119869 19010
15 2011 473719 7513 3 2011 131956 20927
14 2011 512098 8121 2 2011 156541 24826
13 2011 560090 8882 1 2041 172255 27318
The equation of motion for the 24-story building has the form
Mẍ + Cẋ + Kx = Ep + EfF (3.48)
where x ∈ R72×1 is the displacement vector, p ∈ R24×1 is the wind force input vector, F ∈ R48×1
is the control input vector, E ∈ R72×24 and Ef ∈ R72×48 are the wind loading and control input
location matrices, respectively, and M ∈ R72×72, C ∈ R72×72, K ∈ R72×72 are the mass, damping
and stiffness matrices of the building, respectively.
The state-space model of Eq. 5.62 for simulation is then given by
Ẋ = AX + Bpp + BfF (3.49)
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The numerical algorithm follows the discrete form of the Duhamel integral (Connor and Laflamme,
2014):
X(t+ ∆t) = e
A∆tX(t) + A−1(eA∆t − I)[Bpp(t) + BfF(t)] (3.53)
where ∆t = 0.001 s is the simulation time interval and I ∈ R144×144 is the identity matrix. This
discrete state-space linear formulation has been used in literature to simulate the dynamic response
of a linear structural system with nonlinear damping devices (Yao et al., 2002; Lin et al., 2010b). Of
interest to this paper, the authors used the same method in previous work to simulate a different
variable friction device (Cao et al., 2016a) Three simulations cases are conducted to investigate
the performance of the VFCC device, namely the semi-active, passive-on and uncontrolled cases.
The semi-active scheme is the VFCC used with a full-state feedback control rule based on a linear
quadratic regulator (LQR) computing the required control force Freq for each device
Freq = −GfX (3.54)










where Rx ∈ R144×144 is the regulatory weight matrix and Rf ∈ R48×48 is the actuation weight
matrix. Note that the design and optimization of the controller is out-of-the-scope of this work.
In the later numerical simulation, the regulatory and actuation weight matrices Rx and Rf are
pre-tuned as
Rx = diag[I24×24 0.5I10×10 10I10×10 15I28×28 50I15×15 200I5×5 1000I4×4 I48×48]
and Rf = 10
−10I48×48. The performance of the semi-active VFCC is compared against that of
a passive-on friction case where the VFCC is used under a constant maximum capacity, and of
an uncontrolled case with a conventional stiffness connection. In the uncontrolled case, a set of
conventional stiffness connectors are used to laterally connect the cladding elements to the structural
system with 24 tie-back connectors at the top and 24 bearing connectors at the bottom of cladding
panels for each floor. The lateral stiffnesses of each tie-back connector and bearing connector are
taken as 39 kN/mm and 2335 kN/mm, respectively, based on Ref. (Pantoli and Hutchinson, 2015b).
The stiffness element of the lateral connection for the lumped model is taken as the sum of the 24
connectors.
3.5.1 Verification of SDOF simplification for cladding system
In the derivation of the transfer functions in Section 4.3.2, an assumption was made that a
linear time-invariant 2DOF cladding system could be reduced to a linear time-invariant SDOF
representation. In what follows, the quality of this assumption is verified on a linear and time-
invariant 4DOF representation of the building. To create a realistic system, the 4DOF is created
by lumping the 24 structural mass elements into two floors of identical masses and the 24 cladding
mass elements into a single cladding mass, as illustrated in Fig. 4.7(a). The dynamic properties
of the 4DOF system are listed in Table 4.7. The dynamic parameters at each floor are taken as
identical and such that the 4DOF’s first structural frequency is equal to the first natural frequency
of the building (0.2 Hz), with the structural damping ratio set at ξs = 1%. Note that this 4DOF
system is only used to verify the SDOF simplification for a 2DOF cladding system and it does
not necessarily represent the dynamics of the 24-story building system. Following the methodology
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discussed in Section 4.3.2, the 4DOF system is reduced into its equivalent 2DOF representation,
illustrated in Fig.4.7(b) with its dynamic properties listed in Table 4.5. The amplitude of the





where p̂ is the amplitude of the harmonic load acting on the 4DOF system.
(a) (b)
Figure 3.8: Representations of the building for verifications of the assumptions: (a) 4DOF model;
and (b) 2DOF model.

















The transfer functions Hs(λ), Ha(λ) and Hc(λ) for the equivalent 2DOF system are written
Hs(λ) =
f2 + j2ξcfλ






1− λ2 + j2ξsλ
(1− λ2)(f2 − λ2)− 4ξcξsfλ2 − µΓsf2λ2 + j [2ξcfλ(1− (1 + µΓs)λ2) + 2ξsλ(f2 − λ2)]
Ha(λ) = −λ2Hs(λ)
(3.56)
where Γs = (
φs,11+φs,12
2φs,12
)2. The verification of the model reduction assumption is conducted through
the comparison of transfer functions derived from the equivalent 2DOF system with those computed
numerically on the 4DOF system. In the numerical simulation, each friction damping element is
simulated as passive Coulomb friction force Fc of capacity Fc =
π
4µfλξv|Hc(λ)|, which is equivalent
to a linear viscous damping element of damping ratio ξv under harmonic loading. The initial viscous





= 1% and |Hc(λ)| denotes the
magnitude of the transfer function Hc(λ).
The magnitudes of transfer functions are plotted in Figs. 3.9 to 3.11, with tuning frequency
ratio f = 3 which exhibits a typical behavior, and two representative damping cases ξv = 10% and
ξv = 150% to investigate the effect of the connection’s damping. Note that ξv = 150% represents
an overdamped case; it is investigated because the design procedure is likely to yield overdamped
strategies based on Eq. 3.46. In general, the analytical solutions (2DOF) can track the numerical
solution (4DOF). There is a disagreement between both solutions for Hs and Ha that occurs around
the excitation frequency ratio λ = 2.5, in particular under lower damping (ξv = 10%). The reason
is that the second mode of the primary structure, which corresponds to the excitation frequency
ratio λ = 2.5, is not part of the analytical solution that is based on an SDOF representation.
For Hc, there is a good agreement between the analytical and numerical solutions at low damping
(ξv = 10%), but a significant disagreement for the overdamped connection (ξv = 150%), observable
in Fig. 3.11(b). This is likely attributed to the discontinuous motion from the stick-slip phenomenon
that is amplified with large friction force.
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(a) (b)
Figure 3.9: Transfer function Hs at f = 3: (a) ξv = 10%; and (b) ξv = 150%.
(a) (b)
Figure 3.10: Transfer function Ha at f = 3: (a) ξv = 10%; and (b) ξv = 150%.
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(a) (b)
Figure 3.11: Transfer function Hc at f = 3: (a) ξv = 10%; and (b) ξv = 150%.
In order to further investigate the effect of dynamic parameters, the analytical solutions of
the transfer functions (Eq. 3.56) are used to conduct a parametric study of the mass ratio µ
(Fig. 4.10), tuning frequency ratio f (Fig. 4.11), and damping ratio ξc (Fig. 4.12, showing ξce).
A study of the transfer functions shows that adding mass to the cladding (i.e., increasing µ) im-
proves the mitigation performance for both the inter-story displacement (Hs), absolute acceleration
(Ha), and structure-cladding displacement (Hc). Variation in the cladding mass can generally be
attained through using different materials (e.g. glass, masonry or precast concrete). A typical
cladding-structural system mass ratio ranges from 0.01 to 0.1 (Moon, 2009; Fu and Zhang, 2016).
Augmenting the connection’s stiffness (i.e., increasing f) has the converse effect on Hs and Ha, yet
still decreases Hc. Also, using a more flexible connection leads to a behavior analogous to that of
a tuned mass damper, observable under f = 1.5 and f = 1.8. However, this added performance
comes at the cost of a much larger structure-cladding displacement which will unlikely meet the
design target. A similar performance is observed by decreasing ξc, although one must be careful in
evaluating the behavior under high damping given the lower accuracy of the transfer functions to
represent structural behavior. Once again, higher mitigation (i.e., lowering ξc) comes at the cost
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of higher structure-cladding displacement that may not be possible to achieved. It follows that the
VFCC is expected to be used under low stiffness and high damping.
(a) (b)
(c)
Figure 3.12: Plot of transfer functions vs various mass ratios µ at f = 0.9 and ξc = 20%: (a) Hs;




Figure 3.13: Plot of transfer functions vs various tuning frequency ratios f at µ = 0.05 and




Figure 3.14: Plot of transfer functions vs various connection damping ratios ξc at µ = 0.05 and
f = 0.8: (a) Hs; (b) Ha; and (c) Hc.
3.5.2 Demonstration of MBD procedure
The proposed MBD procedure is demonstrated on the 24-story office tower building. A basic
design wind speed with a return period of Q = 50 years is selected with a 3-second wind gust speed
V0 at reference height 10 m of 38 m/s based on the wind hazard map in ASCE 7-10 (2010) (ASCE,
2010). The cladding connection parameters are designed based on the MBD non-dimensional
analytical solutions Ra, Rs and Rc.
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Wind Hazard Quantification
The wind loading parameters are determined based on the building location’s terrain with the
ratio of shear velocity of wind flow v∗/v∗0 = 1.15, surface roughness length z∗ = 0.3 m and its
corresponding value β = 5.25, and the drag coefficient Cd = 1.4 based on building cross-section
(Simiu and Scanlan, 1996). The cladding area exposed to wind pressure at each floor is A = 210
m2, except at the first floor A = 243 m2. Using Eq. 3.25 to Eq. 3.27, the mean static wind load
at the top floor is obtained as Pn = 1.93 × 105 N and the equivalent mean static wind load is
calculated as Pe = 1.82× 106 N using Eq. 3.33. The design parameters are listed in Table 3.5.
Performance Objectives
The performance objectives are then quantified. Using the average return period Q = 50
years and the first nature frequency of the structure 0.2 Hz, the acceptable peak acceleration for
occupancy comfort is calculated as ap = 27 mg based on Eq. 5.58. The allowable lateral drift
∆p = 1/250 and a design value of the allowable structure-cladding spacing lc is set to 0.5 m for the
preliminary design, corresponding to half the allowable distance (1 m) reported in Ref. (Fu and
Zhang, 2016). The performance objectives are listed in Table 3.5.
Connection Design
The equivalent mass and stiffness of the primary structure is mse = 1.48 × 107 kg and kse =
2.36×107 N/m, yielding the mass ratio between cladding and the primary structure µ = mce/mse =
0.37%. The structure-cladding displacement ln due to the mean static wind force is first set to 0.3
m, yielding the equivalent lateral connection stiffness kce = Pn/ln = 6.43 × 105 N/m, a tuning




= 2.7, and a damping ratio ξc = f/2 = 1.35. However, these values
give a maximum structure-cladding displacement lmax = 0.52 m based on Rc = 6.73 (Eq. 4.39)
that exceeds the allowable value lc = 0.5 m. An iteration is conducted by decreasing the ln value
to 0.28 m, yielding an equivalent connection stiffness kce = 6.89 × 105 N/m, a tuning frequency
ratio f = 2.8, and a damping ratio ξc = f/2 = 1.40. This non-dimensional analytical solutions
Ra, Rs and Rc are 2.166, 3.060, and 6.278, respectively. The corresponding maximum structural
acceleration and the maximum inter-story drift ratio are amax = Pe/mseRa = 27 mg 6 ap and
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∆max = Pe/kseRs = 1/320 6 ∆p, respectively, which meets the performance objectives. The total
structure-cladding spacing at each floor is within the allowable spacing with the maximum value
lmax = 0.48 m occurring at the top floor. The friction capacity of the cladding connection at each
floor is designed for Fcp = 54.2 kN (Eq. 5.61). The dynamic parameters are listed in Table 3.5.
Table 3.5: Cladding connection design parameters.
parameter variable value units note
wind load
Pn 193 kN Eqs. 3.25 - 3.27
Pe 1820 kN Eq. 3.33
motion criteria
ap 27 mg Eq. 5.58
∆p 1/250 − −
lc 0.5 m −
cladding connection
Ra 2.166 − Eq. 3.37a
Rs 3.060 − Eq. 4.35
Rc 6.278 − Eq. 4.39
kce 689 kN·m−1 Eq. 5.59
Fcp 54.2 kN Eq. 5.61
3.5.3 Simulated wind model
The time series of wind fluctuation vi(t) is simulated as a multivariate stochastic process with
cross-spectral density matrix S(ω) with its element expressed as (Kaimal et al., 1972)
Sil(ω) =

Sv(zi, ω) if i = l√
Sv(zi, ω)Sv(zl, ω)Coh(zi, zl, ω) if i 6= l
(3.57)
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with the two-sided PSD Sv(zi, ω) in Eq. 5.48 and the coherence function Coh(zi, zl, ω) from Eq.5.49.
To simulate the stochastic process, the power density matrix S(ω) is first decomposed into the
following product (Deodatis, 1996):
S(ω) = Λ(ω)ΛT∗(ω) (3.58)
where subscript asterisk denotes the complex conjugate and Λ(ω) is a lower triangular matrix
Λ(ω) =

Λ11(ω) 0 . . . 0





Λn1(ω) Λn2(ω) . . . Λnn(ω)

(3.59)
Once the matrix S(ω) is decomposed, the stochastic process of wind fluctuation vi(t) is generated










ωqτ t− θiq(ωqτ ) + δqτ
]
(3.60)
where δqτ is a random phase uniformly distributed between 0 and 2π; and the phase θiq(ωqτ ) is
given by






The double-indexing frequency ωqτ is defined as:




with the frequency step ∆ω = ωu/Nω, where ωu is an upper cutoff frequency, taken as ωu = 20π,
and the total number of frequency points Nω = 2
13 (Ubertini and Giuliano, 2010). Lastly, the
simulated wind load Pd,i(t) acting on the cladding panels at the i




ρCdAi [Vi + vi(t)]
2 (3.63)
where Vi is the mean wind speed at building height zi obtained using Eq. 3.25 and the air density is
taken as ρ = 1.225 kg/m3. A typical 10-minute duration wind excitation at the top floor is plotted
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in Fig. 5.11. Fig. 3.16(a) shows a comparison of the power spectral density function of the wind
fluctuation at the top floor between the simulated wind data and the analytical model (Eq. 5.48).
The turbulence intensity of the generated wind velocity fluctuation is verified against the analytical
model, illustrated in Fig. 3.16(b). These comparisons show a good match between the analytical
and computational wind model.
(a) (b)
Figure 3.15: Typical realization of a wind hazard time series over a 10-minute duration (a) wind
speed and (b) wind load.
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(a) (b)
Figure 3.16: Comparison of the analytical wind model and the simulated wind data (a) power
spectral density function and (b) turbulence intensity.
3.5.4 Simulation results
The maximum response profiles of the building is plotted in Fig. 3.17, showing the maximum
inter-story displacement (Fig. 3.17(a)), the maximum absolute acceleration (Fig. 3.17(b)), and
the maximum structure-cladding displacement (Fig. 3.17(c)). Results show that the semi-active
controlled VFCC significantly reduces the structural response compared with the passive-on case
and the uncontrolled case. The maximum reduction of the inter-story displacement and acceler-
ation reached 16.4 % and 31.4 %, respectively. In particular, the semi-active VFCC brought the
acceleration under the limit threshold, while the passive-on and uncontrolled cases were unsatisfac-
tory. In all cases, the structure-cladding spacing remains under the threshold value of 0.5 m, but
the additional mitigation performance provided by the semi-active scheme does come at the cost




Figure 3.17: Maximum building response profiles: (a) inter-story displacement; (b) absolute accel-
eration; and (c) cladding-structure displacement (uncontrolled case not shown).
It can also be observed in Fig. 3.17 that the passive design indicated that the passive-on
strategy was within the acceptable acceleration bounds. This discrepancy is mainly attributed to
the non-negligible errors in the analytical solutions arising from the assumptions made to reach
a mathematically trackable solution, for instance the negligence of the higher structural modes,
the simplification of the wind spectral density function, and the modeling of the friction element
through equivalent viscous damping. Nevertheless, the objective is to obtain a connection that
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would perform appropriately under control, which objective has been attained given the higher
teachability of the device under its semi-active mode.
To further investigate the quality of the analytical solutions, Fig. 3.18 plots three non-dimensional
analytical solutions (Rs, Ra and Rc) at the designed connection stiffness under various damping ca-






where the R refers to Rs, Ra and Rc and the subscript ‘model’ represents the analytical solutions
and ‘simulation’ the simulation results of passive-on case or semi-active case. Results show a non-
negligible disagreement between the passive-on (i.e., numerical solution) and all three analytical
solutions. In particular, Rs and Rc are overestimated, while Ra is underestimated by the analytical
solutions, consistent with the results from Fig. 3.17. The large discrepancies are attributed to
the assumptions made to develop a mathematically trackable solution, whereas 1) higher modal
responses of the structure were neglected; 2) the wind spectrum was taken as constant; and 3)
friction was simplified into an equivalent viscous system ignoring high nonlinearities. However, in
all cases, the analytical solutions overestimate the responses with respect to the semi-active case,
demonstrating that the design methodology provides a conservative design for the VFCC used in




Figure 3.18: Comparison of the non-dimensional design factors (a) Rs, (b)Ra, and (c) Rc.
3.6 Conclusions
A novel variable friction cladding connection (VFCC) has been previously proposed by the
authors to leverage a structure’s cladding system for multiple hazard mitigation. This friction
device provides a lateral connection between the cladding element and the structural system. Its
variation in the friction force is provided by an actuator that applies a variable pressure onto sliding
friction plates via a toggle system. In this paper, a motion-based design (MBD) approach to the
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design of the VFCC is developed for wind hazard mitigation. While this paper investigates a single
hazard, results are to be integrated in future work for multi-hazard applications.
A set of analytical transfer functions were derived to enable the MBD approach, based on
a simplification of the structural-cladding system into a two degrees-of-freedom (2DOF) system.
These transfer functions were used to estimate the maximum building responses under a quan-
tified wind load, which responses included inter-story displacement, absolute acceleration, and
structure-cladding displacement. These analytical solutions were numerically verified, and show
good agreement between the numerical and analytical solutions, except when the connection was
overdamped where the equivalent viscous damping representation of the friction element failed at
accurately modeling the friction behavior by ignoring important nonlinearities, such as the stick-slip
motion.
The MBD procedure was demonstrated on a 24-story building, and compared to the performance
of the VFCC under semi-active control with the passive-on mode and the uncontrolled structure.
Simulation results show that the VFCC was capable of reducing the response of the uncontrolled
structure under the prescribed performance objectives. However, while the design of the VFCC
under the MBD approach assumes a passive-on mode, the passive-on scenario underestimated the
maximum absolute acceleration. This was attributed to an underestimation of the acceleration
response in the analytical solutions due to the various assumptions in the model. Nevertheless, it
was also found that the analytical solutions always overestimate structural response with respect
to the semi-active mode of the VFCC, therefore demonstrating that the MBD approach yields a
conservative design of the semi-active VFCC. Overall, this study demonstrated the promise of the
VFCC at mitigating wind-induced vibrations in structures by leveraging the cladding system, and
provided an MBD approach enabling its holistic integration during the structural design phase.
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engineering, 15(3):84–90.
89
Moon, K. S. (2010). Vertically distributed multiple tuned mass dampers in tall buildings: per-
formance analysis and preliminary design. The Structural Design of Tall and Special Buildings,
19(3):347–366.
Naito, C., Beacraft, M., Hoemann, J., Shull, J., Salim, H., and Bewick, B. (2014). Blast perfor-
mance of single-span precast concrete sandwich wall panels. Journal of Structural Engineering,
140(12):04014096.
Narasimhan, S. and Nagarajaiah, S. (2006). Smart base isolated buildings with variable friction
systems: H controller and saivf device. Earthquake engineering & structural dynamics, 35(8):921–
942.
Pantoli, E. and Hutchinson, T. C. (2015). Experimental and analytical study of the dynamic
characteristics of architectural precast concrete cladding. In Improving the Seismic Performance
of Existing Buildings and Other Structures 2015. American Society of Civil Engineers.
Pardo-Varela, J. and Llera, J. (2015). A semi-active piezoelectric friction damper. Earthquake
Engineering & Structural Dynamics, 44(3):333–354.
Pinelli, J.-P., Craig, J. I., and Goodno, B. J. (1995). Energy-based seismic design of ductile cladding
systems. Journal of Structural Engineering, 121(3):567–578.
Saaed, T. E., Nikolakopoulos, G., Jonasson, J.-E., and Hedlund, H. (2015). A state-of-the-art
review of structural control systems. Journal of Vibration and Control, 21(5):919–937.
Scruggs, J. and Iwan, W. (2003). Control of a civil structure using an electric machine with
semiactive capability. Journal of Structural Engineering, 129(7):951–959.
Shin, Y.-H., Moon, S.-J., Kim, J.-M., Cho, H.-Y., Choi, J.-Y., and Cho, H.-W. (2013). Design
considerations of linear electromagnetic actuator for hybrid-type active mount damper. IEEE
Transactions on Magnetics, 49(7):4080–4083.
Simiu, E. and Scanlan, R. H. (1996). Wind effects on structures. Wiley.
Solari, G. (1993). Gust buffeting. II: Dynamic alongwind response. Journal of Structural Engineer-
ing, 119(2):383–398.
Spencer Jr, B. and Nagarajaiah, S. (2003). State of the art of structural control. Journal of
structural engineering, 129(7):845–856.
Theobald, M. and Nurick, G. (2010). Experimental and numerical analysis of tube-core claddings
under blast loads. International Journal of Impact Engineering, 37(3):333–348.
Ubertini, F. (2008). Active feedback control for cable vibrations. Smart Structures and Systems,
4(4):407–428.
90
Ubertini, F. and Giuliano, F. (2010). Computer simulation of stochastic wind velocity fields for
structural response analysis: Comparisons and applications. Advances in Civil Engineering,
2010:1–20.
Venanzi, I., Ubertini, F., and Materazzi, A. L. (2013). Optimal design of an array of active tuned
mass dampers for wind-exposed high-rise buildings. Structural Control and Health Monitoring,
20(6):903–917.
Wang, Y., Liew, J. R., Lee, S. C., Zhai, X., and Wang, W. (2017). Crushing of a novel energy
absorption connector with curved plate and aluminum foam as energy absorber. Thin-Walled
Structures, 111:145–154.
Yao, G., Yap, F., Chen, G., Li, W., and Yeo, S. (2002). Mr damper and its application for semi-
active control of vehicle suspension system. Mechatronics, 12(7):963–973.
Zhao, D. and Li, H. (2010). Shaking table tests and analyses of semi-active fuzzy control for
structural seismic reduction with a piezoelectric variable-friction damper. Smart Materials and
Structures, 19(10):105031.
91
CHAPTER 4. VARIABLE FRICTION CLADDING CONNECTION FOR
SEISMIC MITIGATION
This chapter is wholly based on “Variable Friction Cladding Connection for Seismic Mitigation”
published in Engineering Structures, vol.189, 2019, pp.243-259.
doi.org/10.1016/j.engstruct.2019.03.066.
Yongqiang Gong1, Liang Cao3,
Simon Laflamme1,2, James Ricles3, Spencer Quiel3, Douglas Taylor4
1Department of Civil, Construction, and Environmental Engineering, Iowa State University,
Ames, IA 50011, U.S.A
2Department of Electrical and Computer Engineering, Iowa State University, Ames, IA 50011,
U.S.A
3Department of Civil and Environmental Engineering, Lehigh University, Bethlehem, PA 18015,
U.S.A
4Taylor Devices, North Tonawanda, NY 14120, U.S.A
Abstract
Cladding systems are conventionally designed to serve an architectural purpose and provide
environmental protection for building occupants. Recent research has been conducted to enhance
structural resiliency by leveraging cladding systems against man-made and natural hazards. The
vast majority of the work includes the use of sacrificial cladding panels and energy dissipating
connectors. These passive protection systems, though effective, have typically targeted a single
hazard one-at-a-time because of their limited frequency bandwidths. A novel semi-active friction
connection has been previously proposed by the authors to leverage the cladding motion for miti-
gating blast and wind hazards. This semi-active friction device, termed variable friction cladding
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connection (VFCC), is designed to laterally connect cladding elements to the structural system
and dissipate energy via friction. Its variable friction force is generated onto the sliding friction
plates upon which a variable normal force is applied via actuated toggles. Because of its semi-active
capabilities, the VFCC could be used over wide-band excitation frequencies and is thereby, an ideal
candidate for multiple hazard mitigation. The VFCC in its passive in-situ mode has been previ-
ously designed to mitigate air-blast effects towards the structure and its semi-active scheme has
been applied to wind hazard mitigation. In this paper, a motion-based design (MBD) procedure is
developed to apply the VFCC to seismic hazard mitigation, completing its application against mul-
tiple hazards. The MBD procedure begins with the quantification of seismic load and performance
objectives, and afterwards, dynamic parameters of the cladding connection are selected based on
non-dimensional analytical solutions. Simulations are conducted on two example buildings to verify
and demonstrate the motion-based design methodology. Results show the semi-actively controlled
VFCC is capable of mitigating the seismic vibrations of structures, demonstrating the promise of
the semi-active cladding system for field applications.
Keywords: Motion-based design, cladding connection, seismic mitigation, semi-active control,
variable friction, high performance control system
4.1 Introduction
Motion-based design (MBD) is a design approach in which a structural system is designed
to ensure satisfactory dynamic performance under design loads (Connor and Laflamme, 2014).
MBD also includes the design and incorporation of supplemental damping systems when necessary.
Over the last decades, numerous passive energy dissipation systems have been deployed in building
systems, such as hysteretic (Moreschi and Singh, 2003; Vargas and Bruneau, 2007), friction (Qu
et al., 2001; Mualla and Belev, 2002), viscoelastic (Min et al., 2004; Park et al., 2004), viscous fluid
(Wong, 2011; Seo et al., 2014), and tuned mass dampers (Lin et al., 2000, 2010a) . Such passive
energy dissipation systems are well accepted by the field due to their high mechanical robustness
and demonstrated mitigation capabilities (Symans et al., 2008).
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Of interest to this paper are energy dissipation systems that leverage cladding motion to dis-
sipate energy, termed multi-functional cladding systems. In buildings, a typical cladding system
transfers both its self-weight and lateral loads due to exterior pressure (wind and blast) or its iner-
tia (seismic) to the structural system. A common multi-functional cladding application is found in
blast mitigation, where the cladding itself is designed to dissipate blast loads. Examples include sac-
rificial cladding panels with double-layer foam cladding (Ma and Ye, 2007b; Wu and Sheikh, 2013),
tube-core cladding (Theobald and Nurick, 2010b; Van Paepegem et al., 2014), sandwich cladding
(Yuen et al., 2009; Alberdi et al., 2013a), and metal layer cladding (Langdon and Schleyer, 2006;
Hanssen et al., 2002). Others have proposed to dissipate blast through the cladding connection
using, for example, rotational friction hinge (Chen and Hao, 2013b,c), viscoelastic spider (Amadio
and Bedon, 2012b), and metallic yielding (Wang et al., 2017a) connections.
Previous studies have also proposed passive cladding connections for wind and seismic appli-
cation. Goodno et al. (1992) have tested ductile cladding connections with heavyweight cladding
panels for seismic vibration mitigation. Baird et al. (2011) have experimentally investigated the
seismic mitigation performance of a U-shape flexural plate connector fabricated by bending mild
steel plate. Azad et al. (2013, 2015) have studied damped cladding brackets in curtain wall systems
to reduce wind-induced motion. Biondini et al. (2014) and Ferrara et al. (2011) have evaluated
the performance of bolted friction connectors joining cladding elements for energy dissipation.
Maneetes and Memari (2014a) have implemented supplementary friction devices in spandrel-type
precast concrete cladding systems to provide lateral force resistance. Dal Lago et al. (2018) have
tested steel W-shaped folded plate dissipative connectors in precast concrete cladding systems for
seismic mitigation. Vibration mitigation by leveraging the inertia of the cladding weight has also
been proposed. Examples can be found in Refs. (Abtahi and Samali, 2014; Fu and Zhang, 2016;
Pipitone et al., 2018) where double skin facade systems are utilized as multiple tuned mass damper
systems.
The vast majority of these surveyed advances are limited to the mitigation of single types of
hazards one-at-a-time. This can be attributed to the bandwidth-limited performance of passive
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systems (Yang and Agrawal, 2002; Cao et al., 2016a). A solution to improve the performance of
structural system versus a variety of hazard types, termed multi-hazards, is to leverage high perfor-
mance control systems (HPCSs). HPCSs include active (Ubertini, 2008; Materazzi and Ubertini,
2012; Venanzi et al., 2013), semi-active (Cao et al., 2015a; Downey et al., 2016; Amjadian and
Agrawal, 2017b) and hybrid control strategies (Love et al., 2011; Shin et al., 2013; Høgsberg and
Brodersen, 2016). These systems are capable of higher performance over a large bandwidth due to
their adaptive capabilities, ideal for multi-hazard mitigation (Spencer Jr and Nagarajaiah, 2003;
Cao and Laflamme, 2018).
The authors have proposed a semi-active variable friction cladding connection (VFCC). The
VFCC is engineered to provide a lateral connection between cladding elements to the structural
system. The variable friction mechanism consists of sliding friction plates onto which a vari-
able normal force can be applied through an actuated toggle system. Variable friction has been
widely studied in structural control with devices leveraging electromechanical- (Narasimhan and
Nagarajaiah, 2006; Kawamoto et al., 2008), electromagnetic- (Lorenz et al., 2006; Dai et al., 2012),
magnetorheological- (Karkoub and Zribi, 2006; Bharti et al., 2010), hydraulic- (Cao et al., 2015a;
Mirtaheri et al., 2011), and piezoelectric- (Zhao and Li, 2010; Pardo-Varela and Llera, 2015) based
actuation. Prior work on the VFCC consisted of prototyping and characterizing the device (Gong
et al., 2018b), and developing an MBD methodology for blast (Cao et al., 2018c) and wind (Gong
et al., 2019c) mitigation. In this paper, MBD procedures are developed for the mitigation of
seismic events based on analytical transfer functions that characterize the dynamic response of a
structure-cladding system to ground motion. This paper demonstrates its novelty by aiming at
seismic mitigation with the VFCC designed using an MBD methodology.
The paper is organized as follows:
• Section 4.2 gives the background on the VFCC.
• Section 4.3 derives analytical transfer functions for a structure-cladding system necessary in
enabling the MBD procedure.
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• Section 4.4 presents the MBD procedure to conduct cladding connection design.
• Section 4.5 verifies and demonstrates the MBD procedure through numerical simulations on
two example buildings.
4.2 Variable Friction Cladding Connection
The VFCC is engineered to transfer lateral loads acting on the cladding elements to the struc-
tural system. The device is diagrammed in Fig. 4.1(a). It consists of two sets of sliding friction
plates upon which an adjustable normal force is applied through an actuated toggle system. Blocks
are used to prevent the toggles from pushing beyond their vertical alignment. Fig. 4.1(b) provides
a picture of a prototype used in the characterization of its friction mechanism, published previously
by the authors (Gong et al., 2018b). In this prototype, the actuator stroke was emulated using
spacers that maintained a constant displacement between toggles, and the VFCC was mounted in
an aluminum frame for testing.
(a) (b)
Figure 4.1: (a) Diagram of the VFCC; and (b) annotated picture of a prototype.
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Figure 4.2: Force diagram for the VFCC installed into a floor slab (top view).
Fig. 4.2 illustrates a possible installation scheme of the VFCC embedded into a floor slab, along
with the associated force diagram. To provide lateral connection, the inner friction plates of the
VFCC are extended outward to attach the cladding panel. An actuation force Fa generates axial





where F is the generated normal force and Ac,max = bp(lp − 2lt) is the maximum contact area of
the friction plates of width bp (not shown in Fig. 4.2) and length lp with distance lt extending
beyond the toggle location. The generated Coulomb friction force Fc is taken as proportional to






2µcF if 0 ≤ y < lt
2µcF
lp−lt−y
lp−2lt if lt ≤ y ≤ lp − lt
0 if lp − lt < y ≤ lp
(4.2)
where the effective contact area Ac varies with their relative displacement y, and µc is the friction
coefficient.
From prior work conducted on the VFCC in a laboratory environment (Gong et al., 2018b), a
LuGre friction model can be used to characterize the dynamic friction force Ff
Ff (x) = σ0ζ + σ1ζ̇ + σ2ẋ (4.3)
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with




g(ẋ) = Fc(x) + [Fs(x)− Fc(x)]e−(ẋ/ẋm)
2
(4.5)
where σ0 represents the stiffness of the bristles, σ1 microdamping, σ2 viscous friction, ζ an evolu-
tionary variable, x the sliding displacement of the inner friction plates and taken as x = y0 − y,
ẋ the sliding velocity, g(ẋ) a governing function of the Stribeck effect, ẋm the constant Stribeck
velocity, and Fs(x) and Fc(x) the magnitude of the Stribeck effect and the Coulomb friction force,
respectively.
The characterization process was conducted by subjecting the VFCC to various harmonic ex-
citations under different actuation capacities (%). Fig. 4.3 shows typical force-displacement and
force-velocity loops of a 1 kN capacity device under various utilization levels (%) using the param-
eterized LuGre (Table 5.1) model under a configuration of lt ≤ y ≤ lp − lt. Parameters σ0 and Fs
are modeled as proportional functions of the Coulomb friction force Fc
σ0 = CσFc0 + σ0|Fc0=0 (4.6)
Fs = CsFc = CsFc0
lp − lt − y0 + x
lp − lt − y0
(4.7)
where Cs > 1 and Cσ are constants and Fc0 represents the initial Coulomb friction force at x = 0.
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(a) (b)
Figure 4.3: Dynamics of the VFCC under a harmonic excitation of amplitude 13 mm at 0.2 Hz and
various levels of actuation capacity: (a) force-displacement loop; and (b) force-velocity loop.












4.3 Analytical Transfer Functions
In this section, two analytical transfer functions of a structure-cladding system are derived as
part of the MBD approach. The equations of motion are first presented, followed by the derivation
of non-dimensional transfer functions.
4.3.1 Equations of motion
Consider an n-story lumped-mass shear structure equipped with a cladding system connected
through VFCCs illustrated in Fig. 4.4. A cladding panel is designed to span between two floors and
is represented by a uniform rigid bar. The lateral cladding connection is represented by stiffness
element kc, a viscous damping element cc0, and a variable friction element Ff (Eq. (4.3)), while the
gravitational support is considered as decoupled and provided by conventional gravity connections.
In order to facilitate the derivation of analytical solutions, the equations of motion for the structure-
cladding system are built upon the assumption that the variable friction element Ff is approximated
by an equivalent linear viscous damping representation cv. The quality of this assumption will be
verified in Section 4.5.1. The resulting equivalent viscous damping element cc for the connection is
written




where Ω is the excitation frequency and x̂ is the amplitude of structure-cladding displacement under
a harmonic load. The equations of motion of the n-story structure-cladding system with equivalent
viscous damping under a harmonic seismic load are written
Msẍs + Csẋs + Ksxs = −MsEsẍg + ECcẋc + EKcxc (4.9)
Mcẍc + Ccẋc + Kcxc = −McEcẍg −McET ẍs (4.10)
where xs ∈ Rn×1 and xc ∈ R2n×1 are the displacement vectors of the primary structure and of
the cladding relative to the structure, respectively, E ∈ Rn×2n is the cladding location matrix,
ẍg is the ground acceleration excitation, Es ∈ Rn×1 and Ec ∈ R2n×1 are the location matrices of
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the excitation input on the primary structure and cladding elements, respectively, Mc ∈ R2n×2n,
Cc ∈ R2n×2n, Kc ∈ R2n×2n are the mass, damping, and stiffness matrices of the cladding elements,
respectively, and Ms ∈ Rn×n, Cs ∈ Rn×n, Ks ∈ Rn×n are the mass, damping, and stiffness matrices
of the primary structure, respectively.
Figure 4.4: Schematic representation of an n-story structure equipped with a cladding system and
VFCCs.
For simplicity of the design process and field implementation, the cladding mass mc, the lateral
connection stiffness kc, and the equivalent connection damping cc, are assumed to be identical at
each floor. The dynamics of the ith cladding element is studied using a two degrees-of-freedom
(DOFs) representation where the cladding element is connected to floors i and i − 1 (Fig.4.5(a)).
Its associated equations of motion is
mcẍc,i + ccẋc,i + kcxc,i = −mcecẍg −mcẍs,i (4.11)
where xs,i = [xs,i−1 xs,i]
T and xc,i = [xc,2i−1 xc,2i]
T are the displacement vectors of the structural
floors and of the ith cladding element relative to the primary structure, respectively, and ec =
[1 1]T is the excitation location vector. The displacement vector xc,i is expressed in terms of the
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modal vectors Φcr and modal coordinates qcr,i (r = 1, 2), and is assumed to be governed by the
first mode
xc,i ≈ Φc1qc1,i (4.12)
where qc1,i is the modal coordinate of the first mode and Φc1 = [φc,11 φc,12]
T = [1 1]T, obtained
by solving the algebraic equation [kc − ω2cmc]Φc1 = 0 (Chopra, 2007).
(a) (b)
Figure 4.5: Representation of the ith cladding element connected to adjacent floors: (a) two DOFs;
and (b) SDOF representations.
Pre-multiplying Eq. 5.18 by ΦTc1 and substituting xc,i from Eq. 5.3.1.2 gives an expression for
the governing dynamics of the cladding element, which can be represented by a single DOF (SDOF)
system (Fig. 4.5(b))




with the equivalent cladding mass mce, damping cce, and stiffness kce
mce = Φ
T
c1mcΦc1 = mc ; cce = Φ
T
c1ccΦc1 = 2cc ; kce = Φ
T
c1kcΦc1 = 2kc
where the nodal displacement qc1,i ≈ xc,2i−1 ≈ xc,2i.
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Similarly, the displacement vector of the primary structure xs is expressed in terms of the modal





Φsiqsi ≈ Φs1qs1 (4.14)
where the first modal shape Φs1 = [φs,11 φs,12 . . . φs,1n]
T with φs,1n normalized to unity.
Pre-multiplying Eq. 5.16 by ΦTs1 yields an uncoupled equation for qs1,
mseq̈s1 + cseq̇s1 + kseqs1 = −ΦTs1MsEsẍg + ΦTs1ECcẋc + ΦTs1EKcxc (4.15)
where the displacement of the SDOF structure qs1 ≈ xsn and its dynamic properties are defined as
mse = Φ
T
s1MsΦs1 ; cse = Φ
T
s1CsΦs1 ; kse = Φ
T
s1KsΦs1 (4.16)
with the structural damping matrix Cs taken as linear proportional to the structural stiffness
matrix Ks.
The governing equations of the structure-cladding system are subsequently reduced to






αi(kceqc1,i + cceq̇c1,i) (4.17)
mceq̈c1,i + cceq̇c1,i + kceqc1,i = −mceẍg − αimceq̈s1 (4.18)
where αi =
1
2(φs,1i−1 + φs,1i) for i = 2, ..., n and αi =
1
2φs,1i for i = 1.
4.3.2 Transfer functions
To derive mathematically trackable non-dimensional transfer functions, the ground acceleration
ẍg(t) is represented by a harmonic excitation ẍg(t) = ̂̈xgejΩt, where ̂̈xg is the amplitude of excitation.
Following the standard derivation for the steady state response of the reduced structure-cladding









(kse −mseΩ2 + jcseΩ) (kce −mceΩ2 + jcceΩ)− (kce + jcceΩ) Γ2mceΩ2
q̂c1,ie
jδcî̈xg = −mce + αimceΩ
2q̂s1e
jδs/ẍg0
kce −mceΩ2 + jcceΩ
(4.19)








Defining the mass ratio µ, tuning frequency ratio f , and excitation frequency ratio λ between



























gives the non-dimensional transfer functions Hs(λ) and Hc,i(λ) that represent the dynamic am-
plification of the displacement of the SDOF structure and of the displacement of the ith cladding
relative to its connected floor, respectively, where
Hs(λ) =
q̂s1ejδs













4.4 Motion-Based Design Procedure
This section describes the MBD procedure to size the semi-active cladding connection for seismic
hazard mitigation. The design phase starts by assuming a passive damping behavior where the
VFCC is approximated as a linear viscous damping element. Such design strategy is common
in designing HPCSs to a target capacity (Cao et al., 2016a; Scruggs and Iwan, 2003; Hiemenz
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et al., 2008). Fig. 4.6 diagrams the MBD procedure. First, the design seismic load is quantified
using a design spectrum compatible power spectral density function (PSDF) G(ω). Second, the
performance objectives are defined, which include the peak inter-story drift ratio ∆p and the peak
structure-cladding spacing lc. Other objectives could also be considered, such as peak acceleration.
Third, preliminary design values are obtained for the equivalent stiffness kce and viscous damping
ratio ξc, after which the maximum drift ratio ∆max and the maximum structure-cladding spacing
lmax are computed using non-dimensional analytical solutions Rs and Rc, respectively and compared
against the performance metrics. If the performance is unsatisfactory, the design is iterated by
either redesigning connection parameters kce and ξc (option 1) or updating the allowable structure-
cladding spacing lc (option 2). These design steps are explained in what follows.
Figure 4.6: Motion-based design procedure.
4.4.1 Seismic hazard model
The seismic acceleration is assumed to be a zero-mean Gaussian stationary process characterized
by a one-sided design spectrum compatible PSDF G(ω) in the frequency domain (Giaralis and
Spanos, 2010; Mart́ınez et al., 2013). The PSDF G(ω) will be integrated with transfer functions to
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compute the peak structural response in Section 5.20. A discrete design PSDF G(ωN ) is obtained












S2g (ωN , ξ)
η2N
(4.23)
with ωN = ω1 + (N − 1)∆ω the discretized frequency of frequency interval ∆ω and excitation
lowest frequency bound ω1, and where ξ is the damping ratio of a lightly damped SDOF system
associated with the design response spectrum Sg(ωN , ξ), and ηN is a critical factor that establishes
the equivalence between the Sg(ωN , ξ) and G(ωN ) with probability of exceedance p. A semi-































where Te is the time duration of excitation. Using a discrete summation to approximate the integral
in Eq. 5.50 and rearranging yields an expression of a discrete response spectrum compatible PSDF





S2g (ωN , ξ)






ωN > ω1 (4.27)
where the approximately obtained PSDF G(ωN ) is further updated through a match of its associ-
ated response spectrum Sg,new(ωN , ξ) with the target design spectrum Sg(ωN , ξ). The associated
response spectrum Sg,new(ωN , ξ) is obtained by substituting G(ωN ) back into Eq. 5.50, and an
updated PSDF Gnew(ωN ) is computed using the following iteration scheme until a conversion error
of one ten thousandth is obtained







The target response spectrum Sg(ωN , ξ) or Sg(TN , ξ) for a fundamental period TN = 2π/ωN ,
assuming a damping ratio ξ = 0.05, is defined in ASCE 7-10 (2010) (ASCE, 2010)
Sg(TN , ξ) =

SDS(0.4 + 0.6TN/T0) 0 6 TN < T0
SDS T0 6 TN < T1
SD1/TN T1 6 TN < TL
SD1TL/T
2
N TN > TL
(4.29)
where SDS and SD1 are the design spectral response acceleration parameters at the short-period
T0 = 0.2SD1/SDS and at 1 s, respectively, T1 = SD1/SDS and TL is the long-period transition
period (ASCE 7-10 (2010) (ASCE, 2010)). A damping modification factor SDMF is introduced to










The duration of the excitation is taken as Te = 20 s, with associated probability p = 0.5 and
lowest frequency bound ω1 = 0.5 rad/s (Giaralis and Spanos, 2010).
4.4.2 Performance objectives
Motion criteria for seismic design are generally associated with structural damage states and
often follow limits on inter-story drifts. The threshold of the maximum inter-story drift varies with
structure types. Here, criteria for typical steel moment-resisting framed structures are used, listed
in Table 5.3 (Ghobarah, 2001; Cha et al., 2014). The performance of a steel building equipped
with structural control systems can be set to an immediate occupancy level or a damage-repairable
state, with a drift limit range of 0.2% < ∆p < 1.5% (Xue and Chen, 2003; Ghobarah, 2004).
The structure-cladding spacing can be accommodated for the ease of manufacture, installation,
and maintenance of the lateral connections. A minimum structure-cladding spacing for a lateral
connections lmin can be as high as 15 cm (Pinelli et al., 1995). The allowable structure-cladding
gap lc for preliminary design is selected such that lc > lmin.
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Table 4.2: Performance levels and corresponding damage states and drift limits.
performance level damage state drift ratio (%)
immediate occupancy
none ∆p < 0.2
slight 0.2 < ∆p < 0.5
light 0.5 < ∆p < 0.7
moderate 0.7 < ∆p < 1.5
life safety
heavy 1.5 < ∆p < 2.5
major 2.5 < ∆p < 5.0
collapse prevention collapsed ∆p > 5.0
4.4.3 Connection design
The selection of cladding connection parameters is conducted through an iterative process.
It consists of establishing parameters, computing the peak building responses, and verifying the
performance metrics. The computation of the peak building responses is conducted based on two
non-dimensional analytical solutions Rs and Rc, yielding the maximum inter-story drift ∆max and
the maximum structure-cladding displacement lmax, respectively. These two analytical solutions
are derived in what follows and verified in section 5.5.4.
4.4.3.1 Dynamic responses of structure-cladding system
Considering a structure base-excited by a zero-mean stochastic stationary Gaussian process, the
peak response qs,max of a structure subjected to a ground motion of zero-mean stationary Gaussian














where σs is the standard deviation of the structural displacement qs1(t), τ is the peak factor, νe is
the modified mean zero-crossing rate, and ωs and ξs are the natural frequency and the damping
ratio of the fundamental vibration mode, respectively. The variance of the structural displacement
σ2s is obtained by integrating he product of the excitation PSDF G(ω) and the transfer function
of the structure-cladding model Hs(λ) (Giaralis and Spanos, 2010; Li et al., 2004). Assuming that
the response power spectrum of a lightly damped structure is dominated by the contribution of
the excitation around that of the natural frequency of the structure, a constant excitation power
spectrum G(ωs) around the first natural frequency of the structure ωs is used to compute σ
2
s (Min















A solution for Js can be obtained using the integral formula from Gradshteyn and Ryzhik
(Gradshteyn and Ryzhik, 2014), as summarized in Appendix Eq. 4.62. It has been found that the
higher mode effects on seismic response of floor acceleration are non-negligible even for first-mode
dominated structures, but that inter-story drifts are affected significantly less (Maniatakis et al.,
2013). Here, we simplify the design problem by only considering the maximum inter-story drift





where hi is the inter-story height of the i
th floor. The non-dimensional analytical solution Rs is











Similarly, the maximum relative displacement structure-cladding lmax is written
lmax = maxi|τσci| (4.36)
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where σci is the standard deviation of the relative displacement of the i
th cladding to the primary
structure qc1,i(t). The corresponding variance σ
2

































4.4.3.2 Dynamic parameters for cladding connection
The dynamic parameters for the cladding connection are selected based on analytical solutions
Rs and Rc. First, an initial stiffness value kce is selected by choosing a tuning frequency ratio f
kce = µf
2kse (4.40)
Second, the damping ratio of the connection ξc is selected through a minimization of the inter-
story drift ratio given f . Using Eq. 4.33, an estimated value for ξc is obtained by setting ∂Js/∂ξc =










where parameters Λc1 and Λc2 are independent of the damping ratio ξc with Λc1 = Γ
2
m − 2(1 +
µΓ2)(µΓ1 + Γm)Γmf






and Λc2 = 4(1 + µΓ2)(µΓ1 + Γm)
2f2.







4(1 + µΓ2)(µΓ1 + Γm)2f2
+
(µΓ1 + Γm)µΓ2 − 2Γm(1 + µΓ2)
4(1 + µΓ2)(µΓ1 + Γm)
(4.42)
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Note that structural damping is not considered to be negligible (ξs 6= 0) in the computation of
the peak building responses using analytical solutions Rs and Rc. Afterwards, the computed peak
building responses are compared against the performance metrics. If ∆max ≤ ∆p and lmax ≤ lc,
the design phase is completed. Otherwise, an iteration will be conducted through altering the
design parameters kce, ξc and/or lc until the performance objectives are achieved. Lastly, the
friction damping capacity Fcp at each connection is obtained using Eq. 4.8. In the equivalent
damping representations, the VFCC damping is equivalent to viscous damping element under a
harmonic excitation acting on the first natural frequency of the structure ωs and the amplitude of











Two steel moment-resisting frame structures are used for numerical simulations to verify and
demonstrate the proposed MBD procedure. They consist of a 5-story building (Kurata et al., 1999)
and a 20-story building (Ohtori et al., 2004) found in the literature, but they are assumed to be
located in Los Angeles, CA, for seismic design. These example buildings are modeled as lumped-
mass shear systems with their dynamic properties listed in Tables 4.3 and 5.5. The fundamental
structural damping ratio ξs is assumed to be 2% for each building. The total length of the cladding
panels at each floor for the 5-story and 20-story building are 24 m and 36.6 m, respectively. The
cladding elements are concrete panels with 30% window opening area, the densities of the concrete
and glass taken as 2,400 kg/m3 and 2,800 kg/m3, respectively. The thicknesses of the concrete
and glass window panels are taken as 15 cm and 0.8 cm, respectively (Pantoli and Hutchinson,
2015b), used for the computation of the cladding’s mass for each building in Tables 4.3 and 5.5.
The cladding-floor mass ratio mci/msi of each floor are also listed in the Tables. Note that the
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cladding-structure mass ratio µ = mce/mse refers to the equivalent masses of the structure and
cladding, different from the cladding-floor mass ratio mci/msi defined here.
Table 4.3: Dynamic parameters - 5-story building.
floor height (m) mass (kg) stiffness (kN/m) cladding mass (kg) mass ratio
5 3.6 266,100 84,000 22,400 0.083
4 3.6 204,800 89,000 22,400 0.108
3 3.6 207,000 99,000 22,400 0.107
2 3.6 209,200 113,000 22,400 0.105
1 4.2 215,200 147,000 26,100 0.102
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Table 4.4: Dynamic parameters - 20-story building.
floor height (m) mass (kg) stiffness (kN/m) cladding mass (kg) mass ratio
20 3.96 584,000 100,576 37,500 0.064
19 3.96 552,000 133,952 37,500 0.068
18 3.96 552,000 164,416 37,500 0.068
17 3.96 552,000 178,752 37,500 0.068
16 3.96 552,000 197,568 37,500 0.068
15 3.96 552,000 200,928 37,500 0.068
14 3.96 552,000 203,392 37,500 0.068
13 3.96 552,000 232,064 37,500 0.068
12 3.96 552,000 236,096 37,500 0.068
11 3.96 552,000 244,832 37,500 0.068
10 3.96 552,000 265,888 37,500 0.068
9 3.96 552,000 270,592 37,500 0.068
8 3.96 552,000 273,952 37,500 0.068
7 3.96 552,000 277,088 37,500 0.068
6 3.96 552,000 279,552 37,500 0.068
5 3.96 552,000 275,072 37,500 0.068
4 3.96 552,000 297,920 37,500 0.068
3 3.96 552,000 299,712 37,500 0.068
2 3.96 552,000 304,192 37,500 0.068
1 5.49 563,000 225,568 52,000 0.092
The equations of motion of an n-story building equipped with a cladding system has the form:
Mẍ + Cẋ + Kx = −MEgẍg + EfF (4.45)
where x ∈ R3n×1 is the displacement vector, M ∈ R3n×3n, C ∈ R3n×3n, and K ∈ R3n×3n are the
mass, damping ,and stiffness matrices of the building, respectively, F ∈ R2n×1 is the control input
113
vector, ẍg is the ground acceleration input, Ef ∈ R3n×2n and Eg ∈ R3n×1 are the control input and
ground acceleration input location matrices, respectively.
The state-space representation of Eq. 5.62 for the simulations is written
Ẋ = AX + Bgẍg + BfF (4.46)



















The numerical algorithm follows the discrete form of the Duhamel integral (Connor and Laflamme,
2014):
X(t+ ∆t) = e
A∆tX(t) + A−1(eA∆t − I)[BfF(t) + Bgẍg(t)] (4.50)
where ∆t is the discrete time interval and I ∈ R6n×6n is the identity matrix. This discrete state-
space linear formulation is used to simulate the dynamic responses of the linear structural system
with the nonlinear damping force F(t). In the simulations, the nonlinear damping force from
the VFCC is simulated using the LuGre friction model (Eq.4.3). For the semi-active scheme, the
required control force vector Freq for VFCCs is given by a linear quadratic regulator (LQR) of
full-state feedback
Freq = −ΘX (4.51)










where Ux ∈ R6n×6n and Uf ∈ R2n×2n are the regulatory and actuation weight matrices, respec-
tively. The required control force Freq,i(t) is not necessarily attainable by a given VFCC device of




Freq,i(t) if Fcp > |Freq,i(t)| and Freq,i(t) · ẋc,i(t) > 0
Fcp if Fcp ≤ |Freq,i(t)| and Freq,i(t) · ẋc,i(t) > 0
0 if Freq,i(t)ẋc,i(t) ≤ 0
(4.53)
This actual control force Fact,i(t) is then converted to a corresponding voltage sent to the linear
actuator acting on the toggles, yielding the kinetic friction force Fc,i(t) = Fact,i(t). Note that the de-
sign and optimization of the controller is out-of-the-scope of this work. When the VFCC is subjected
to multiple hazards, other control techniques could be utilized, such as adaptive data-driven tech-
niques (see Refs. (Cao and Laflamme, 2018; Soto and Adeli, 2018; Cao et al., 2018a) for instance). In
the later numerical simulation, the regulatory and actuation weight matrices are pre-tuned to Ux =
diag[I8×8 400I2×2 1000I2×2 1400I3×3 600 1000 1100 1500 550 I10×10] and Uf = 5 ×
10−10I10×10 for the 5-story building, and Ux = diag[I35×35 5I13×13 10I4×4 30I8×8 100I4×4
50I10×10 I46×46] and Uf = 5 × 10−9I10×10 for the 20-story building. The weight matrices were
pre-tuned offline here to obtain good mitigation performance of the VFCC. However, the tuning
range of these weight matrices are arbitrarily selected and more optimal solutions may exist for bet-
ter mitigation performance. The performance of the VFCC with the LQR controller (semi-active
case or LQR) is compared against that of a conventional stiffness connection (uncontrolled case or
UN) and the passive VFCC under a constant maximum capacity (passive-on case or ON). In the
uncontrolled case, conventional stiffness connections are used with tie-back connectors at the top
and bearing connectors at the bottom of cladding panels. The lateral stiffnesses of each tie-back
connector and bearing connector are taken as 39 kN/mm and 2335 kN/mm, respectively (Pantoli
and Hutchinson, 2015b). A total number of four cladding panels and twelve cladding panels are
installed at each floor for the 5-story and 20-story buildings, respectively, with each panel connected
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to the structural system by two connectors both at the top and bottom. The stiffness element of
the lateral connection kc is taken as the sum of these connectors at each floor.
4.5.1 Verification of SDOF simplification for cladding system
Before conducting numerical simulations on buildings, the model assumption that a 2DOF
cladding system could be reduced into an SDOF representation is first verified. This is done on
a simplified 4DOF representation of the 5-story building. Recall that the purpose of the 4DOF
representation is only to verify the assumptions and does not necessarily represent the dynamics of
the 5-story building. The 4DOF system consists of two identical structural floors and spanned with
a cladding panel, as illustrated in Fig. 4.7(a). The mass elements of the 4DOF model are obtained
by lumping the five structural masses of the 5-story building into both floors and the five cladding
masses into one. The stiffness elements of the 4DOF model are taken as identical and are computed
by setting the fundamental frequency equal to that of the 5-story building (ωs = 6.33 rad/s), with
a structural damping ratio of ξs = 2%. Using the model simplification methodology (Section 5.3),
an equivalent 2DOF representation is obtained (Fig.4.7(b)). Table 4.5 lists the resulting dynamic
parameters. The magnitudes of analytical transfer functions Hs and Hc (Eqs.4.21 and 4.22) for the
equivalent 2DOF model are written
Hs =
√
[αµf2 + Γ(f2 − λ2)]2 + [2ξcfλ(αµ+ Γ)]2
[(1− λ2)(f2 − λ2)− 4ξcξsfλ2 − α2µf2λ2]2 + [2ξcfλ(1− (1 + α2µ)λ2) + 2ξsλ(f2 − λ2)]2
Hc =
√
(1− λ2 + αΓλ2)2 + (2ξsλ)2










. In simulations, the friction damping element Fc at
the 4DOF system is modeled as a passive Coulomb friction element and its capacity is taken as
Fc =
π
4 fλξvHcmceẍg0, equivalent to the viscous damping element of a damping ratio ξv. The total
viscous damping ratio of the cladding connection ξc is taken as ξc = ξv + ξc0, with the inherent








Figure 4.7: Representation of structure-cladding system: (a) 4DOF; and (b) 2DOF.










cse 193 kN· s· m−1
mce 110230 kg
The verification is conducted through a comparison of transfer function plots obtained from
the equivalent 2DOF model (i.e., analytical solution) and from the 4DOF model (i.e., numerical
solution). Figs. 4.8 to 4.9 plot the magnitudes of transfer functions Hs and Hc, with a tuning
frequency ratio f = 0.9 which represents a tuning around the structure’s natural frequency, and





= 10% and ξv = 50% to investigate the
effect of the damping of the connection. Results show a general good fit of the numerical solution,
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except around the second resonant frequency ratio λ = 2.5, because the second mode of the primary
structure is not modeled in the analytical solution. The disagreement in the fit increases at relatively
high damping (ξv = 50%), especially under Hc. This can be attributed to the discontinuous motion
induced by the stick-slip behavior that becomes more important, whereas the viscous damping
equivalence assumption does not hold strongly. It follows that the analytical solutions are a good
approximation of the system, but that additional care must be taken in the design process for large
values of ξv.
(a) (b)
Figure 4.8: Analytical versus numerical solutions for transfer function Hs at f = 0.9, (a) ξv = 10%
and (b) ξv = 50%.
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(a) (b)
Figure 4.9: Analytical versus numerical solutions for transfer function Hc at f = 0.9, (a) ξv = 10%
and (b) ξv = 50%.
Next, parametric studies are conducted to further investigate the effect of dynamic parameters
on the responses. The investigated parameters include mass ratio µ (Fig. 4.10), tuning frequency
ratio f (Fig. 4.11), and damping ratio ξc (Fig. 4.12). These studies are performed using the
analytical solutions verified above (Eq. 4.54). Fig. 4.10 plots the transfer functions associated
with floor displacements (Hs) and structure-cladding displacements (Hc) over a range of the mass
ratios µ from 0.01 to 0.1 based on a typical mass ratio of a tuned mass damper system. The actual
cladding-structure mass ratio µ varies on buildings given the architectural requirements, and it may
not always be possible to attain the ideal values. Nevertheless, different cladding masses can be
achieved through the use of different materials such as glass, masonry or precast concrete panels or
adjusting cladding’s thickness, yielding mass ratios as high as 0.1 (Fu and Johnson, 2011). Results
show that an increasing mass ratio leads to a better mitigation performance for both Hs and Hc,
as expected from the theory of tuned mass dampers (Connor and Laflamme, 2014). Double humps
that start to appear in Hs for larger values of µ are also observable, exhibiting the modal frequency
of the added mass. Fig. 4.11 (a) plots the effect of decreasing the connection stiffness, starting
with the typical stiffness or a traditional connection. Results show that, analogous to tuned mass
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dampers, there exists an optimal value for f that minimizes Hs, but that a more flexible cladding
connection increases Hc, as observable in Fig. 4.11(b). This may cause the cladding system to
exceed the allowable structure-cladding displacement. Also, observable double humps in Hs occur
once the frequency ratio f is tuned around the structure’s natural frequency. Fig.4.12 plots results
for ξc, also showing that an optimal value exists for the optimal mitigation of Hs.
(a) (b)
Figure 4.10: Plots of analytical transfer functions under various mass ratios µ at f = 0.9 and
ξc = 20%: (a) Hs; and (b) Hc.
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(a) (b)
Figure 4.11: Plots of analytical transfer functions under various tuning frequency ratios f at µ =
0.05 and ξc = 10%: (a) Hs; and (b) Hc.
(a) (b)
Figure 4.12: Plots of analytical transfer functions under various connection damping ratios ξc at
µ = 0.05 and f = 0.8: (a) Hs; and (b) Hc.
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4.5.2 Demonstration of MBD procedure
In this section, the proposed MBD procedure is demonstrated on the two selected buildings.
The seismic hazard is quantified, followed by the determination of performance objectives and the
design of the connection parameters.
Seismic Hazard Quantification
First, the local design response spectra of the buildings are established using the spectral ac-
celeration parameters SDS and SD1 extracted from the USGS seismic design map, corresponding
to a structural damping ratio of ξs = 2%. These parameters are listed in Table 4.6. Both the
5-story and 20-story buildings are assumed to be designed based on the local design spectra in Los
Angeles, CA. Fig. 5.14(a) plots the updated discrete design spectrum compatible PSDF Gnew(ωN )
and Fig. 5.14(b) compares the target Sg(ξs) (ASCE7-10) and simulated Sg(ξs) (Section 4.4.1).
Corresponding values for the PSDF G(ωs) around the fundamental frequency of each building are
listed in Table 4.6.
Table 4.6: Design spectral acceleration parameters.
parameters unit 5-story 20-story
SDS g 0.827 0.827
SD1 g 0.428 0.428





Figure 4.13: (a) Design spectrum compatible PSDF G(ω); and (b) response spectrum Sg.
Performance Objectives
Using values listed in Section 5.4.2, a range of ∆p < 1.0% is selected to maintain an elastic
state (Ghobarah, 2004). A preliminary value for the maximum structure-cladding spacing lc is set
to 0.25 m, with a maximum upper bound set as high as 1 m based on values reported in Ref. (Fu
and Zhang, 2016).
Connection Design
Values of the equivalent mass mse and stiffness kse of the primary structure are listed in Table
5.10 for each building, as well as the mass ratio µ. The peak responses of the two selected buildings
are estimated using Rs and Rc with an arbitrary ̂̈xg = 1m/s2. Note that ∆max and lmax are first
computed using Eqs. 4.34 and 4.38 that are independent on ̂̈xg. Non-dimensional solutions Rs and
Rc are then introduced with an arbitrarily ̂̈xg that does not need to represent the actual ground
acceleration.
Using Eq.4.34 and Eq.4.38, Fig. 4.14 plots the estimated peak responses of each building against
various tuning frequency ratios f to facilitate the selection of connection parameters. A tuning
frequency ratio f = 1.01 is selected for the 5-story building, yielding the equivalent connection
stiffness kce = µf
2kse = 9.46 × 105 N/m, connection damping ratio ξc = 0.16 (Eq.5.60), and the
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total friction capacity of the VFCCs at each floor Fcp = 25.5 kN (Eq.5.61). This yields Rs = 4.95
and Rc = 9.88 (Eqs. 4.35 and 4.39). These design parameters result in ∆max = 0.82% 6 1% and
the maximum structure-cladding spacing lmax = 0.25 m 6 lc = 0.25 m, satisfying the performance
objectives.
A tuning frequency ratio f = 1.63 initially selected for the 20-story building yields an unsatisfied
performance of the maximum inter-story drift ratio ∆max = 1.11% > 1%. The design process is
iterated by increasing the allowable structure-cladding spacing lc to 0.42 m to introduce a more
flexible connection (i.e., lowering f). The tuning frequency ratio is reduced to f = 1.33, giving the
equivalent connection stiffness kce = µf
2kse = 1.87× 105 N/m, connection damping ratio ξc = 0.37
(Eq.5.60), and the total friction capacity at each floor Fcp = 16.0 kN (Eq.5.61). The corresponding
values for non-dimensional analytical solutions are Rs = 1.69 and Rc = 1.19 (Eqs. 4.35 and 4.39),
giving ∆max = 1% 6 1% and lmax = 0.42 m 6 lc = 0.42 m, satisfying the performance objectives.
The cladding connection parameters are listed in Table 5.10.
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Table 4.7: Cladding connection design parameters.





3 kg Eq.5.21 564 5,057
kse kN·m−1 Eq.5.21 22,618 1,397
µ % Eq.5.35 4.10 0.76
performance objectives
∆p % − 0.83 1.00
lc m − 0.25 0.42
design parameters
f − − 1.01 1.33
ξc − − 0.16 0.37
Rs − Eq.4.35 4.95 1.69
Rc − Eq.4.39 9.88 1.19
kce kN·m−1 Eq.4.40 946 187
Fcp kN Eq.5.61 25.5 16.0
(a) (b)
Figure 4.14: Peak responses of selected buildings as a function of f : (a) ∆max and (b) lmax.
125
4.5.3 Seismic loads
A set of six different earthquakes were selected for the simulations, among which both near-
field and far-field ground motions are considered. Near-field and far-field earthquakes are defined
based on the epicentral distance, with 0 to 50 km associated with near-field and 50 km and beyond
associated with far-field. Time series data of these ground motions were extracted from the PEER
ground motion record database (Peer, 2011) and their dynamic characteristics are listed in Table
5.8. Original ground motions were scaled to the local design response spectrum at the fundamental
period of each building with a structural damping ratio ξs = 2%, yielding the corresponding scaling
factors in Table 5.8. The scaled ground motion and design response spectrum are plotted in Fig.
5.12.
Table 4.8: Selected seismic excitations.




EQ1 Northridge 1994 West Covina 51.46 reverse 0.76 0.95
EQ2 Kern County 1952 Hollywood Stor FF 114.62 reverse 0.71 0.47
EQ3 Landers 1992 Arcadia 135.22 strike-slip 0.97 0.70
near-field
EQ4 Kobe 1995 Port Island 3.31 strike-slip 1.02 1.18
EQ5 San Fernando 1971 Hollywood Stor FF 22.77 reverse 0.98 0.53
EQ6 Loma Prieta 1989 Agnews State Hospital 24.27 reverse-oblique 0.77 0.68
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(a) (b)
Figure 4.15: Scaled response spectra of selected seismic excitations : (a) 5-story (fundamental
period: Ts = 0.99 s); and (b) 20-story (fundamental period: Ts = 3.78 s).
4.5.4 Simulation results
Two performance indices are defined to evaluate the VFCC’s performance:





where the controlled inter-story drift ratio ∆i = (xs,i − xs,i−1)/hi for i = 2, 3, ..., n, ∆1 =
xs,1/h1 for i = 1, and ∆un,i refers to the uncontrolled inter-story drift ratio.





where the absolute acceleration ẍi for i = 1, 2, ..., n is the acceleration for the controlled cases
and ẍun,i is the acceleration for the uncontrolled case.
Results for performance indices βs and βa are listed in Table 5.13 for both buildings. Positive
values for βs and βa show that the VFCC under both the ON and LQR case dissipates energy. A
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comparison of βs and βa shows that the semi-active controlled VFCC (LQR) provides significant
reductions on buildings’ responses. In particular, the maximum reductions on the peak inter-story
drift ratio and the peak absolute acceleration under the semi-active VFCC scheme reach 53.5% and
48.3%, respectively, for the 5-story building under hazard EQ2, and 27.8% and 22.5%, respectively,
for the 20-story building under hazard EQ3. The overall mitigation on the 20-story building is less
given the higher period of the structure.
Table 4.9: Simulation results - βs and βa.
hazard
5-story building 20-story building
βs(%) βa(%) βs(%) βa(%)
ON LQR ON LQR ON LQR ON LQR
EQ1 10.3 43.0 13.2 40.7 5.6 17.6 4.5 5.0
EQ2 11.6 53.5 11.1 48.3 0.9 15.0 0.8 18.2
EQ3 7.2 34.9 6.9 31.4 12.3 27.8 7.6 22.5
EQ4 3.1 22.9 2.5 23.0 6.7 11.2 0.5 5.6
EQ5 7.1 29.2 11.7 26.3 4.6 13.9 3.4 10.3
EQ6 16.7 49.7 8.5 30.1 1.3 10.8 0.1 9.3
Figs.4.16 and 4.17 plot the maximum response profiles for the 5-story building under hazard
EQ3 and 20-story building under hazard EQ2, respectively. These two representative hazard cases
are selected because they exhibit an average reduction in the maximum inter-story drift ratio among
all hazard cases. Results show that the semi-actively controlled VFCC (LQR) significantly reduces
both the maximum inter-story drift ratio and the maximum absolute acceleration, especially for
the short 5-story building. In terms of the inter-story drift ratio, the semi-active VFCC is critical in
providing a response under the limit threshold. The LQR case generally results in a larger structure-
cladding displacement at each floor, as expected. The maximum structure-cladding displacements
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plotted in Figs.4.16 (c) and 4.17 (c) for both the 5-story and 20-story building are below their
allowable design values of 0.25 m and 0.42 m, which satisfies the performance metrics.
Table 4.10 compares the design performance criteria and the peak building responses for all
hazard cases. Results confirm that the semi-active VFCC (LQR) is capable of bringing the building
responses under the design targets, with ∆max 6 0.82% and lmax 6 0.25 m for the 5-story building,
and ∆max 6 1% and lmax 6 0.42 m for the 20-story building, respectively. The table also compares
the median responses (50th percentile) computed assuming a lognormal distribution of the responses
(Liu et al., 2005). Results show that the semi-active VFCC (LQR) can significantly reduce the
response of the inter-story drift to the desirable design level. Remark that the passive-on case often




Figure 4.16: Maximum response profile of 5-story building under hazard EQ3: (a) drift ratio, (b)




Figure 4.17: Maximum response profile of 20-story building under hazard EQ2: (a) drift ratio, (b)
absolute acceleration, and (c) structure-cladding displacement (uncontrolled case not shown).
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Table 4.10: Results for motion performance criteria.
hazard
5-story building 20-story building
∆max(%) lmax (m) ∆max(%) lmax (m)
UN ON LQR ON LQR UN ON LQR ON LQR
EQ1 0.85 0.76 0.48 0.10 0.14 0.94 0.89 0.78 0.23 0.34
EQ2 0.84 0.74 0.39 0.09 0.13 0.79 0.77 0.65 0.26 0.35
EQ3 1.06 0.98 0.69 0.16 0.19 1.05 0.95 0.80 0.37 0.39
median far-field 0.91 0.82 0.51 0.11 0.15 0.92 0.87 0.74 0.28 0.36
EQ4 1.00 0.97 0.78 0.12 0.22 1.04 1.00 0.97 0.42 0.41
EQ5 1.00 0.93 0.71 0.11 0.22 0.91 0.86 0.78 0.24 0.37
EQ6 0.89 0.74 0.45 0.11 0.13 0.72 0.71 0.64 0.16 0.36
median near-field 0.96 0.87 0.63 0.11 0.18 0.88 0.85 0.79 0.25 0.38
In order to verify the quality of the analytical solutions for design, two non-dimensional analyt-
ical solutions (Rs and Rc) are plotted in Figs. 4.18 and 4.19 for the 5-story and 20-story buildings,
respectively. These two non-dimensional analytical solutions are studied for the designed connec-
tion stiffness under various damping capacities and compared against the simulation results by





where the R refers to Rs and Rc and the subscript ‘model’ denotes the analytical solutions and
‘simulation’ denotes numerical solutions, for the controlled cases. Simulation results for the 5-story
and 20-story buildings both presented under hazard EQ3, to study the worst case scenarios, whereas
each earthquake was associate with the structure’s largest uncontrolled inter-story drifts (Table
4.10). Significant disagreements can be observed for both Rs and Rc between the passive-on (ON)
and the analytical solutions (Model). Results are plotted in Figs. 4.18 and 4.19 for the 5-story and
20-story buildings, respectively. Rs is generally underestimated (i.e., R
∗
s < 0) and Rc overestimated
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(i.e., R∗c > 0) by the analytical solutions for the 5-storey building. Overestimation of Rs occurs
under low damping for the 20-story building, and Rc is overestimated. The high level of error, in
particular for the 5-story building, is likely attributed to the neglected nonlinearities from the high
friction damping, neglected contributions of the higher modes, and the simplification of seismic
load. However, the semi-active case always remains overestimated by the analytical solutions (i.e.,
R∗s > 0 and R
∗
c > 0). This demonstrates that the MBD procedure yields a conservative design of
the VFCC for both selected benchmark buildings when applied in a semi-active regime, consistent
with results from Table 4.10.
(a) (b)




Figure 4.19: Comparison of the non-dimensional design factors - 20-story building: (a) Rs; and (b)
Rc.
4.6 Conclusion
A novel variable friction cladding connection (VFCC) has been previously proposed by the au-
thors to enhance structural performance against multi-hazards and motion-based design method-
ology (MBD) developed to mitigate blast and wind-induced loads. This paper extended results to
seismic application.
Analytical transfer functions for a structure-cladding system were derived. Specifically, two
transfer functions representing the amplified structural displacement and the amplified structure-
cladding relative displacement were obtained based on the assumption that the structure-cladding
system can be reduced into a two degrees-of-freedom system. The quality of the assumption was
verified through numerical simulations, and results showed good agreement between the numerical
and analytical solutions, but with increasing disagreement for relatively high damping likely due to
ignored nonlinearities in the high friction damping regime, such as the stick-slip phenomenon. After
the quantification of the seismic hazards and establishment of motion performance metrics, design
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parameters were selected iteratively based on the analytical transfer function to satisfy motion
criteria for the given seismic loads.
The MBD procedure was then verified and demonstrated on a short 5-story building and a
tall 20-story building. The VFCCs were simulated in each building with their designed dynamic
parameters based on the proposed MBD procedure. The performance of the semi-actively controlled
cladding connection was compared against that of a passive friction case and the uncontrolled
building. Simulation results show that the semi-actively controlled VFCC significantly reduced
structural responses compared against both the passive-on and uncontrolled cases. It was also found
that the passive-on mode used in the design of the VFCC underestimated the maximum inter-story
drift ratio. This was attributed to various analytical assumptions made in order to facilitate a quick
selection of the cladding connection parameters at design phase. Nevertheless, analytical design
solutions always overestimated the maximum structural responses when the VFCC was used semi-
actively, as intended, therefore providing a conservative design. The VFCC was shown to be a
promising device at mitigating seismic loads.
Appendix I Closed-form expression for the integral of rational functions
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where j is the imaginary unit, and Vn and Qn are the determinants of the following matrices
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and analytical solution
Js = πj





where the constants as0 = 1, as1 = −2j [ξcf (1 + µΓ2) + ξs], as2 = −
[
(1 + µΓ2) f
2 + 4ξsξcf + 1
]
,
as3 = 2jf (ξc + ξsf), as4 = f
2, bs0 = 0, bs1 = Γ
2
m, bs2 = [2ξcf (µΓ + Γm)]
2−2 (µΓ + Γm) Γmf2, and
bs3 = (µΓ + Γm)
2 f4.
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where the constants ac0 = −1, ac1 = −2j [ξcf (2 + µΓ2) + ξs], ac2 =
[
4ξ2c (1 + µΓ2) + µΓ2 + 2
]
f2 +
8ξcξsf+1, ac3 = 4jf
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, ac4 = −f2
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(1 + µΓ2)f





ac5 = −2jf3 (ξsf + 2ξc), and ac6 = f4; and bc0 = 0, bc1 = Λ24, bc2 = 2Λ2Λ4 + Λ23, bc3 =
2Λ0Λ4 + 2Λ1Λ3 + Λ
2
2, bc4 = 2Λ0Λ2 + Λ
2
1, and bc5 = Λ
2
0 with Λ0 = f
2, Λ1 = 2f (ξc + ξsf),
Λ2 = [αi (µΓ1 + Γm)− µΓ2 − 1] f2 − 4ξcξsf − 1, Λ3 = 2j [αiξc(µΓ1 + Γm)f − ξc(1 + µΓ2)f − ξs],
and Λ4 = 1− αiΓm. Substituting these constants into Eq. 4.61, the analytical solution for Jci can
be expressed in terms of the determinants of matrices Vn and Qn using Eq. 4.60.
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Abstract
Building cladding systems are conventionally designed to protect occupants from the external
environment and provide architectural functions. Advanced multi-functional capabilities have been
studied, where their motion is leveraged to dissipate natural and man-made hazards. The vast
majority of research in hazard mitigation at the cladding element level has produced passive con-
nections capable of dissipating energy. The authors have recently proposed a novel variable friction
cladding connection (VFCC) capable of mitigating hazards semi-actively. The VFCC is engineered
to transfer lateral forces from the cladding element to the structural system. Its variation in friction
force is generated by a toggle-actuated variable normal force applied onto sliding friction plates.
In previous works, dedicated motion-based design (MBD) procedures for the VFCC have been de-
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veloped and the performance of the device demonstrated for three hazards individually considered:
wind, seismic, and blast hazards. In this paper, a multi-objective MBD methodology is proposed
that integrates results from previous work. The procedure starts with the quantification of each
hazard under consideration and the performance objectives. It is followed by a selection of the dy-
namic parameters of the connection under wind and seismic loads, after which the device’s impact
rubber bumper is designed to satisfy motion requirements under blast. Lastly, the peak building
responses are computed and iterations conducted on the design parameters upon the satisfaction
of the multiple motion objectives. The MBD procedure is verified through numerical simulations
on two example structures: a 9-story and a 20-story building subjected to the three non-concurrent
hazards. The performance of the VFCC at mitigating vibrations is also assessed and compared
against different control cases. Results show that the MBD procedure yields a conservative design
approach in meeting all of the motion requirements under a semi-active mode, and that the VFCC
performs significantly well at mitigating vibrations.
Keywords: Motion-based design, cladding connection, multiple hazards, semi-active control,
variable friction, high performance control system
5.1 Introduction
Motion-based design (MBD) is a design strategy that consists of sizing a structural system
to meet a given level of motion criteria under design loads (Connor and Laflamme, 2014). This
strategy often requires the incorporation of supplemental damping systems during the structure’s
design, construction, and rehabilitation phases (Filiatrault et al., 2001; Guo and Christopoulos,
2013). Over the last decades, various passive energy dissipation systems have been deployed to
enhance structural resiliency against natural and man-made hazards (Symans et al., 2008; Ni et al.,
2011; Zhang and Phillips, 2015). However, passive systems are only effective over limited frequency
bandwidths, and are difficult to apply for mitigating the effects of different types of hazards (Yang
and Agrawal, 2002; Cao et al., 2016b). A solution to improve structural performance to these
multi-hazards is the design of semi-active (Bitaraf et al., 2010; Cao et al., 2018a) or hybrid (Fisco
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and Adeli, 2011; Kim and Kang, 2011) energy dissipation systems, which have been shown capable
of high mitigation performance over large frequency bandwidths using limited power input. Of
interest to this paper are energy dissipation systems at the cladding level, in particular damping
strategies addressing the multi-hazard mitigation challenge.
Early research on leveraging cladding for energy dissipation focused on blast mitigation us-
ing sacrificial cladding panels and energy dissipative cladding connections. Sandwich cladding
(Alberdi et al., 2013b; Yang et al., 2011), double-layer foam cladding (Ma and Ye, 2007a; Wu and
Sheikh, 2013) and composite tube-core cladding (Theobald and Nurick, 2010a; Van Paepegem et al.,
2014) are examples of sacrificial cladding elements, while rotational friction hinge (Chen and Hao,
2013a,d), viscoelastic spider (Amadio and Bedon, 2012a), and metallic yielding connections (Wang
et al., 2017b) are example of blast mitigation connections. Passive cladding connections have also
been proposed to reduce wind and seismic vibrations. For example, hysteretic cladding connections
including U-shaped flexural plate connectors (Baird et al., 2013) and W-shaped folded steel plate
connectors (Dal Lago et al., 2018) have been presented and tested for seismic mitigation. Frictional
cladding connections, including bolted friction connectors (Ferrara et al., 2011) and braced friction
connectors (Maneetes and Memari, 2014a), have been implemented to supplement the lateral load
resistance for cladding. Advanced flexural cladding connections are also been studied to leverage
the inertia of the cladding system in mitigating vibrations (Fu and Zhang, 2016; Pipitone et al.,
2018).
Semi-active energy dissipation systems at the cladding level have been overlooked by the research
community. The authors have recently proposed a variable friction cladding connection (VFCC)
(Gong et al., 2018a). The VFCC is engineered to laterally connects cladding elements to the
structural system, and its variable friction force is generated by sliding friction plates onto which
a variable normal force is applied via an adjustable toggle system. The characterization of the
VFCC’s friction mechanism has been conducted in a laboratory environment on a prototype (Gong
et al., 2018a). The authors have also developed MBD procedures and demonstrated performance
under three individual hazards: wind (Gong et al., 2019b), seismic (Gong et al., 2019d), and blast
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(Cao et al., 2018b). The objective of this paper is to integrate these results for multi-hazard
mitigation by optimizing multi-objective requirements.
The paper is organized as follows. Section 5.2 presents background on the VFCC device. Section
5.3 summarizes analytical transfer functions that are the foundations of MBD procedures under
wind, seismic, and blast hazards. Section 5.4 introduces the multi-hazard design procedure. Section
5.5 numerically verifies the MBD procedure on two prototype buildings. Section 5.6 summarizes
and concludes the paper.
5.2 Semi-active Cladding Connection
The VFCC device is schematized in Fig. 5.1. It consists of two sets of friction plates onto which a
variable pressure is applied by an actuator via adjustable toggles. Blocks are added at the base of the
toggles to prevent them from rotating beyond their vertical alignment. The actuation of the device
could be achieved using piezoelectric-based (Pardo-Varela and Llera, 2015) or electromagnetric-
based (Amjadian and Agrawal, 2017a) technologies. Fig. 5.2 illustrates a possible installation
configuration where the VFCC is embedment into a floor slab to restrain outwards forces. The
inner friction plates are extended to attach to the cladding panel, and a set of impact rubber
bumpers is used to prevent the cladding element from colliding with the structure.
The VFCC is engineered to be utilized under different control states. During daily operation,
the VFCC is locked to provide a high friction force by keeping the toggles in a vertical alignment
(Fig.5.2(a)). In this high friction state, there is no slippage under low-to-moderate loadings and
the VFCC acts as a stiff connector. This locked state is passive and also used to mitigate blast,
where the maximum static friction force is designed to be exceeded by the design blast load and to
enable energy dissipation via slippage. It is assumed that the semi-active control cannot be used
to mitigate a blast load due to its high rate of dynamics (Hong et al., 2018). For wind and seismic
applications, the VFCC is used as a variable friction damper by actuating the toggles (Fig.5.2(b)),
where structure-cladding motions are leveraged to limit acceleration transfer (for serviceability) or
reduce inter-story drift (for damage control).
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Figure 5.1: Schematic of the VFCC.
(a) (b)
Figure 5.2: VFCC installed in a floor slab (top view) showing two control states: (a) locked device;
and (b) semi-locked device.
5.2.1 Variable friction dynamic model
Fig.5.3 (a) is a force diagram of the VFCC. The actuator force Fa generates an axial force Ft
onto the toggles which turns into a normal force F acting on the friction plates. A compressive





where Ap,max = bp(l − 2lt) is the maximum contact area of the friction plates under the normal
pressure, bp is the plate width (not shown in Fig.5.3(a)), l and lt are the length of the friction plate
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and distance between toggle center and the nearest end of the friction plate, respectively. During
sliding, the contact area Ap between the two friction plates under pressure varies with their relative
displacement y, and the corresponding Coulomb friction force Fc is taken as proportional to the






2µcF if 0 ≤ y < lt
2µcF
l−lt−y
l−2lt if lt ≤ y ≤ l − lt
0 if l − lt < y ≤ l
(5.2)
where µc is the coefficient of friction.
(a) (b)
Figure 5.3: VFCC: (a) force diagram; and (b) annotated picture of a prototype.
The dynamic characterization of the device was conducted on a fabricated prototype in a lab-
oratory environment in prior work (Gong et al., 2018a). Fig. 5.3 (b) shows an annotated picture
of the device, where the prototype was mounted into the aluminum frame for testing and a spacer
was used in lieu of the actuator to maintain a constant displacement between toggles. A LuGre
friction model was used to represent its dynamic friction force Ff
Ff (x) = σ0ζ + σ1ζ̇ + σ2ẋ (5.3)
with





g(ẋ) = Fc(x) + [Fs(x)− Fc(x)]e−(ẋ/ẋm)
2
(5.5)
where σ0, σ1, and σ2 represent the bristle stiffness, microdamping, and viscous friction, respectively,
ζ̇ is an evolutionary variable, x is the sliding displacement of the inner friction plates taken as
x = y0 − y, ẋ is the sliding velocity, ẋm is a constant representing the Stribeck velocity, g(ẋ) is a
function describing the Stribeck effect, and Fs(x) and Fc(x) are the magnitude of the Stribeck effect
and the Coulomb friction force, respectively. Parameters Fs and σ0 are modeled as proportional to
Fc under lt 6 y 6 l − lt:
Fs(x) = UsFc(x) = Us
l − lt − y0 + x
l − lt − y0
Fc0 (5.6)
σ0 = UσFc0 + σ0|Fc0=0 (5.7)
where Us > 1 and Uσ are constants and Fc0 > 0 is the initial Coulomb friction force at x = 0.
The characterization process consisted of subjecting the prototype to a series of harmonic loads
of different frequencies. Fig. 5.4 plots representative dynamic response of the device in terms
of actuation capacity using the parameterized LuGre model. Table 5.1 lists these characterized
parameters of the VFCC prototype.
(a) (b)
Figure 5.4: Dynamics of the friction device under a harmonic excitation of amplitude 13 mm at
0.05 Hz under various levels of actuation capacity: (a) force-displacement loop; and force-velocity
loop.
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Table 5.1: Parameters of the VFCC prototype.
parameter units value parameter units value
l mm 165 Uσ mm
−1 2.185
bp mm 60 σ0|Fc0=0 kN·mm−1 1.147
lt mm 45 σ1 N·s·mm−1 0.200
Us − 1.052 σ2 N·s·mm−1 0.200
5.2.2 Impact rubber model
A nonlinear impact model for rubber shock absorbers was selected to simulate the use of the
rubber impact bumper with the VFCC. It consists of the 3-stage nonlinear hysteretic model de-
veloped by Polycarpou et al. (Polycarpou et al., 2013). The model was applied to mitigate blast
effects in prior work (Cao et al., 2018b). Fig. 5.5 shows a typical force-displacement curve under





r if xr ≤ xr,u ẋr > 0
krx
2.65
r,u + kr,y(xr − xr,u) if xr > xr,u ẋr > 0
krx
2.65
r (1 + crẋr) if ẋr < 0
(5.8)
where xr and xr,u are the indentation and the ultimate compression capacity of the rubber bumper,
respectively, ẋr represents the relative velocity of the colliding surfaces, kr and kr,y are the impact
stiffness constant and the post-yield stiffness, respectively, and cr is the impact damping coefficient.





where ẋimp is the impact velocity and cr0 is the coefficient of restitution. The impact stiffness kr
of a specific rubber bumper is taken as




where Ur > 1 is a strain rate-dependent coefficient and kr,s is the static stiffness of the rubber pad,
which is computed based on the material’s stiffness Kr, the contact area of the bumper Ar, and
the bumper’s thickness lr. Example values for all parameters are given in Ref. (Polycarpou et al.,
2013).
Figure 5.5: Typical force-indentation plot of the nonlinear impact rubber bumper model.
5.3 Methodology
In this section, the analytical transfer functions characterizing the structure-cladding interaction
under wind, seismic, and blast loads are presented. These transfer functions will be used for
conducting the MBD process.
5.3.1 Structure-cladding model
A simplified structure-cladding model is used in order to develop mathematically trackable
solutions. The structure equipped with the semi-active cladding system is assumed to behave
elastically following the MBD procedure. First, the structure is simplified into lumped-mass shear
building. Second, a cladding panel is simplified as a rigid mass spanning two adjacent floors and
laterally connected to the structural system through the VFCC, assuming that the gravitational
load is taken by a traditional connector. Fig. 5.6(a) diagrams an n-story structure equipped
with a semi-active cladding system, and Fig. 5.6(b) diagrams the VFCC connection. The VFCC
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connection includes a stiffness element kc, a viscous damping element cc0, a variable friction element
producing a force Fc under blast or Ff (Eq.5.3) under seismic and wind loads, and a rubber bumper
element producing a force Fr (Eq. 5.8). The next subsections briefly derive the governing equations
for the hazards under consideration, followed by a summary of the transfer functions of interest.
(a) (b)
Figure 5.6: Diagram of a n-story structure equipped with a semi-active cladding system: (a)
structure-cladding model; and (b) cladding connection.
5.3.1.1 Equations of motion under blast load
The equations of motion of the system under blast load are derived for a high-rate blast event.
Fig. 5.7(a) plots a typical air blast pressure wave where the high-rate air pressure rapidly builds up
to a peak reflected pressure value σp and then decays over duration tp (Li and Meng, 2002). The
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pressure continues to drop to the negative pressure σn and gradually dissipates over duration tn
(Larcher, 2008). This typical air blast pressure is approximated by an idealized model (Fig. 5.7(b))
through linearizing its positive phase and neglecting the negative pressure region (i.e., σn ≈ 0),






if 0 < t < tp
0 if t > tp
(5.11)
where the peak value of blast load p̂b = σpA, and A is the area of the cladding element. The blast-
induced forces are assumed to fully transfer to the structure through the cladding connections,
with no blast energy dissipation or absorption from the cladding element, yielding a conservative
solution (Cao et al., 2018b).
(a) (b)
Figure 5.7: (a) Time history for a typical air blast pressure wave; and (b) its idealized time history.
Considering the rapid time decay of the blast load, the structure-cladding interaction at each
connecting node is studied using the single-degree-of-freedom (SDOF) model shown in Fig. 5.6(b).
In this configuration, the structural floor is assumed to be fixed assuming that the dynamics of the
primary structure itself is negligible during the first half-cycle of the cladding motion (Karagiozova
et al., 2010; Olmati et al., 2014). The equations of motion of the SDOF representation are developed
to compute the peak dynamic response of the cladding element:
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mcẍc + cc0ẋc + kcxc + Fc(ẋc) = p̂b(1−
t
tp
) for 0 < t < tp (5.12a)
mcẍc + cc0ẋc + kcxc + Fc(ẋc) = 0 for tp ≤ t < tr (5.12b)
mcẍc + cc0ẋc + (kc + keq)xc + Fc(ẋc) = 0 for t ≥ tr (5.12c)
with the friction force of the passive-on VFCC represented by the Coulomb model:
Fc(ẋc) =

−Fc0 if ẋc < 0
0 if ẋc = 0
Fc0 if ẋc > 0
where tr is the time point when the cladding hits the rubber surface. Once the cladding panel
collides with the impact rubber bumper, the system dynamics is represented by Eq. 5.12(c) and the
rubber model is approximated using a linear stiffness element keq to obtain the analytical solution
of the maximum rubber deformation. Note that the linear stiffness element cannot dissipate energy
during a full cycle of harmonic motion. It is only used to represent the rubber dynamics during the
gap-closing phase. To do so, the hysteresis of the impact rubber bumper (Fig. 5.5) is compared to
the hysteresis of a linear stiffness element over the first quarter cycle of harmonic motion. Assuming
a periodic motion of the impact rubber surface xr(t) = x̄r sin(Ωt), the energy dissipation of the










where x̄r is the amplitude of periodic motion and assumed to be half the thickness of impact rubber
to avoid exceeding the ultimate compression capacity xr,u = 80%lr reported in Ref. (Polycarpou
et al., 2013). The energy dissipation Wr at the approaching phase of the rubber bumper can be



















5.3.1.2 Equations of motion under and wind and seismic loads
Under wind and seismic loads, the structure-cladding spacing lc and rubber thickness lr are
designed such that lcr = lc−lr > xc (Fig. 5.6(b)) to prevent the cladding element from colliding with
the rubber bumper under the design loads. To derive mathematically trackable analytical solutions,
the variable friction element Ff is assumed to be under a constant maximum capacity (i.e., “passive-
on”) and the corresponding passive-on friction element is approximated by an equivalent viscous
damping element cv (Connor and Laflamme, 2014), giving a general viscous damping element for
the cladding connection cc




where Ω is excitation frequency and x̂c is the amplitude of structure-cladding displacement due to
the harmonic loads that are used to approximate wind and seismic loads (Gong et al., 2019b,d).
The equations of motion of the n-story structure-cladding system with equivalent viscous damping
under the wind load pw ∈ Rn×1 and ground acceleration ag are written as
Msẍs + Csẋs + Ksxs = −MsEsag + ECcẋc + EKcxc (5.16)
Mcẍc + Ccẋc + Kcxc = Eppw −McEcag −McET ẍs (5.17)
where xs ∈ Rn×1 and xc ∈ R2n×1 are the displacement vectors of the structure’s floors and of
the cladding element relative to the structure, respectively, Ep ∈ R2n×n and E ∈ Rn×2n are the
external force loading and cladding location matrices, respectively, Es ∈ Rn×1 and Ec ∈ R2n×1 are
the location matrices of the ground acceleration on the primary structure and cladding elements,
respectively, Mc ∈ R2n×2n, Cc ∈ R2n×2n, and Kc ∈ R2n×2n are the mass, damping, and stiffness
matrices of the cladding elements, respectively, and Ms ∈ Rn×n, Cs ∈ Rn×n, and Ks ∈ Rn×n
are the mass, damping, and stiffness matrices associated with the primary structure, respectively.




Figure 5.8: Representation of the ith cladding element connected to adjacent floors: (a) two DOFs;
and (b) SDOF representations.
For simplicity of the design process and field applications, the mass of cladding panel mc, the
stiffness kc and viscous damping cc of the cladding connection are taken to be identical at each
floor. The dynamics of the ith cladding element is represented by a two degrees-of-freedom (DOFs)
rigid bar connected to floors i and i− 1 (Fig.5.8(a)). Its associated equations of motion are
mcẍc,i + ccẋc,i + kcxc,i = eppw,i −mcecag −mcẍs,i (5.18)
where xs,i = [xs,i−1 xs,i]
T and xc,i = [xc,2i−1 xc,2i]
T are the displacement vectors of the struc-
ture’s floors and of the ith cladding element relative to the primary structure, respectively, pw,i is
the wind load acting on the ith panel, and ep = ec = [1 1]
T is the excitation location vectors. As
verified in prior work (Gong et al., 2019b,d), the displacement vector xc,i is assumed to be governed
by its first mode xc,i ≈ Φc1qc1,i, where qc1,i is the modal coordinate of the first mode and the first
modal vector Φc1 = [1 1]
T. It follows that the governing dynamics of the cladding element is
represented by a single DOF (SDOF) system (Fig. 5.8(b))




with the equivalent cladding mass mce, damping cce, and stiffness kce
mce = Φ
T
c1mcΦc1 = mc ; cce = Φ
T
c1ccΦc1 = 2cc ; kce = Φ
T
c1kcΦc1 = 2kc
where the nodal displacement qc1,i ≈ xc,2i−1 ≈ xc,2i.
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Φsiqsi ≈ Φs1qs1, where the first modal shape Φs1 = [φs,11 φs,12 . . . φs,1n]T with
φs,1n normalized to unity. The uncoupled equation for the first modal displacement qs1 is given by
pre-multiplying Eq. 5.16 by ΦTs1 (Gong et al., 2019b,d)
mseq̈s1 + cseq̇s1 + kseqs1 = −ΦTs1MsEsag + ΦTs1ECcẋc + ΦTs1EKcxc (5.20)
where qs1 ≈ xsn and dynamic properties of the equivalent SDOF structure are defined as
mse = Φ
T
s1MsΦs1 ; cse = Φ
T
s1CsΦs1 ; kse = Φ
T
s1KsΦs1 (5.21)
The governing equations of the structure-cladding system under loads of pw,i and ag, are sub-
sequently reduced to






αi(kceqc1,i + cceq̇c1,i) (5.22)
mceq̈c1,i + cceq̇c1,i + kceqc1,i = pw,i −mceag − αimceq̈s1 (5.23)
where αi =
1
2(φs,1i−1 + φs,1i) for i = 2, ..., n and αi =
1
2φs,1i for i = 1.
5.3.2 Transfer functions
Blast Load
The transfer solutions of blast-induced response (Eqs.5.12) are derived using Duhamels integral







































































where x0 and ẋ0 are the initial conditions at t = 0, and ξ, ωn and ωd are the damping ratio,
natural frequency, and damped frequency of the cladding element, respectively. Note that the
above solution is derived for each connection node and the corresponding cladding mass for blast
design mb is taken as half of the cladding mass mc (e.g., mb = mc/2). The solutions of Eqs. 5.24


















where tp ≤ t < tr. Taking the derivative of Eq. 5.26 equal to zero, the maximum displacement of





























Following the collision time tr, if occurs, the rubber deformation xr(t) is obtained by solving
Eq. 5.12 (c), which is similar to the solutions for Eq. 5.12 (b) but with a new stiffness element






















−Fc0ωr − kcxc(tr)ωr + ξrknewẋc(tr)
]
+ tr (5.30)
where ξr and ωr are the modified damping ratio and damped frequency, respectively, with regard
to the new stiffness element knew.




















where the frequency ratio λ = Ω/ωs with the excitation frequency defined as Ω = 2π/tp, ẋc(tr)
is the velocity of the cladding when impacting with the rubber bumper at t = tr, Icladding is the
momentum of the cladding at t = tr, and Iblast is the initial impulse of the blast load.
Wind and Seismic Loads
To enable the MBD design, non-dimensional transfer functions representing the system’s dy-
namics under harmonic loads are derived based on the above equations of motion. Under harmonic
excitations of pw,i = p̂w,ie
jΩt and ag(t) = âge
jΩt, the steady state response of the equivalent






where the hat denotes an amplitude, j the imaginary unit, and δ the phase angles. Following the











âg + (kce + jcseΩ) p̂e




p̂w,i −mceâg + αimceΩ2q̂s1ejδs
kce −mceΩ2 + jcceΩ
(5.34b)
Defining the mass ratio µ, tuning frequency ratio f , and excitation frequency ratio λ between












































where the non-dimensional transfer functionsHs(λ) andHc,i(λ) represent the dynamic amplification
of the displacement of the SDOF structure and of the displacement of the ith cladding relative to
its connected floor, respectively, with the second subscripts w (wind) and s (seismic) denoting the
excitation case. The resulting transfer functions are
Hsw(λ) =
f2 + j2ξcfλ










2 + (f2 − λ2)Γm + j2ξcfλ(µΓ1 + Γm)





f2 − λ2 + j2ξcfλ
(5.38b)
An additional transfer function Haw(λ) representing the dynamic amplification of the structural






where the amplitude of the acceleration âs1 = Ω
2q̂s1.
5.4 Motion-Based Design Procedure
The proposed MBD procedure for the semi-active cladding connection under multi-hazards
is illustrated in Fig.5.9. First, the multi-hazard loads are quantified. Second, the performance
objectives are specified for each hazard, including the peak inter-story drift ratio ∆p, the peak
structural acceleration ap, and the allowable structure-cladding spacing lc. Third, the cladding
connection (kce and ξc) is designed under wind and seismic loads for a prescribed rubber-cladding
spacing lcr 6 lc. The rubber-cladding spacing lcr is selected such that the cladding panel is not to
collide with the rubber bumper under these loads. The peak structural responses are then computed
through non-dimensional analytical solutions and compared against the corresponding performance
criteria. In particular, the maximum drift ratio ∆w,max, maximum structural acceleration amax,
and maximum structure-cladding displacement lcr,max are computed using Rs,w, Ra,w, and Rc,w,
respectively, under the wind load; and the maximum drift ratio ∆s,max and the maximum structure-
cladding displacement lcr,max are computed using the analytical solutions Rs,s and Rc,s, respectively,
under the seismic load. These performance metrics are met via an iterative process where one
would choose between updating the allowable structure-cladding spacing lc (option 1), adjusting
the prescribed rubber-cladding spacing lcr (option 2), or redesigning connection parameters kce
and ξc (option 3). The blast load design is completed by sizing the rubber bumper parameters,
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including the prescribed rubber thickness lr = lc − lcr and rubber stiffness kr. It is conducted via
the iterative estimation of the maximum rubber deformation xr,max using Hcb, Hr1, and Hr2 and
comparing against the allowable rubber deformation xr,u = 0.8lr. Remark that this design method
is described considering a single wind, seismic, and blast, but could be easily extended to multi-
wind, multi-seismic, and multi-blast by conducting the process for every load under consideration
and sizing parameters for the governing events.
Figure 5.9: Motion-based design procedure.
Under this MBD approach, the VFCC is assumed passive despite its semi-active capability under
wind and seismic events. Such design strategy is common in sizing a target damping capacity in
HPCSs (Cao et al., 2016b; Scruggs and Iwan, 2003; Hiemenz et al., 2008). Also the rubber dynamics
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is linearized using an equivalent stiffness element during the design phase. The quality of these
assumptions has been verified in prior work (Gong et al., 2019b,d; Cao et al., 2018b). These
simplifications yield trackable analytical solutions, which are necessary to give engineers tools to
quickly select dynamic parameters at design stage. Each step of the MBD procedure is described
in what follows.
5.4.1 Hazard quantification
This subsection presents the analytical models for the wind, seismic, and blast loads, which will
be used along with the transfer functions to compute the peak system responses.
Blast Load
The design air blast pressure is determined based on the explosive charge weight represented
as an equivalent mass of TNT W in kg and the standoff distance R between the blast source and
the target in meters (Cao et al., 2018b). In particular, the peak reflected pressure σp is taken as
σp = Upσp0 (5.40)




















is the scaled distance associated with R and W . Lastly, the analytical blast
model is established using Eq. 5.11 with the design peak blast load p̂b = Aσp and its associated





The time-varying wind load Pw(t) acting on cladding panels is expressed as the sum of a mean
static wind force component P and a fluctuating wind force component pw(t) (Simiu and Scanlan,
1996)










with the mean wind speed V computed from a 3-second wind gust speed V0 that can be obtained












In the above equations, ρ is the air density, Cd is the drag coefficient, v(t) is a zero mean
fluctuation of the wind flow, z is the building height, v∗0 is the shear velocity of wind flow at open
terrain, β is a constant depending on surface roughness length at building terrain z∗. Example
values for the ratio v∗/v∗0 and β are listed with associated z∗ values in Table 5.2.
The fluctuating wind forces pw(t) are modeled as a zero-mean Gaussian stationary and spa-
tiotemporal field where its cross-spectral density function Sp(zi, zl,Ω) can be obtained from a
two-sided power spectral density function (PSDF) of the fluctuating wind speed Sv(z,Ω) (Li et al.,
2011)


















where subscripts i and l refer to different heights, and the coherence function Coh is given by
Coh(zi, zl,Ω) = exp
[





Table 5.2: Terrain exposure constants.
ocean open terrain suburb city center downtown
z∗(m) 0.005 0.07 0.30 1.00 2.50
v∗/v∗0 0.83 1.00 1.15 1.33 1.46
β 6.5 6.0 5.25 4.85 4.00
Seismic Load
The seismic acceleration is modeled as a zero-mean Gaussian stationary process characterized by
a one-sided PSDF G(Ω) in the frequency domain (Giaralis and Spanos, 2010; Mart́ınez et al., 2013).
A discrete PSDF G(ΩN ) is computed using the design response spectrum Sg(ΩN , ξg) (Giaralis and











S2g (ΩN , ξg)
η2N
(5.50)
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ΩN > Ω1 (5.51)
where ΩN = Ω1 + (N − 1)∆Ω is the discretized frequency of frequency interval ∆Ω and excitation
lowest frequency bound Ω1, ξg is the damping ratio of a lightly damped SDOF structure associated
with Sg(ΩN , ξg), and ηN (ΩN , ξg) is a critical factor used to establish the equivalence between the
Sg(ΩN , ξg) and G(ΩN ) with probability of exceedance p. The value for ηN (ΩN , ξg) can be obtained
using a semi-empirical formula (Giaralis and Spanos, 2010)





























where Tg is the time duration of excitation.
The approximated G(ΩN ) in Eq. 5.51 is further updated to a new PSDF Gnew(ΩN ) through an
iterative match of its associated response spectrum Sg,new(ΩN , ξg) with the target design spectrum
Sg(ΩN , ξg). The updating process consists of substituting G(ΩN ) back into Eq. 5.50 to conduct
an iteration scheme until a conversion error of one ten thousandth is obtained between Gnew(ΩN )
and G(ΩN )






The target response spectrum Sg(ΩN , ξg) or Sg(TN , ξg) for a fundamental period TN = 2π/ΩN ,
can be found in ASCE 7-16 (ASCE, 2010)
Sg(TN , ξg) =

SDS(0.4 + 0.6TN/T0) 0 6 TN < T0
SDS T0 6 TN < Ts
SD1/TN Ts 6 TN < TL
SD1TL/T
2
N TN > TL
(5.56)
where SDS and SD1 are the design spectral response acceleration parameters at the short-period
T0 = 0.2SD1/SDS and at 1 s, respectively, Ts = SD1/SDS , TL is the long-period transition period,
and the damping ratio ξg = 0.05 (ASCE 7-16 (ASCE, 2010)). The response spectra Sg(TN , ξs) for
any structural damping ratio ξs then can be computed using a damping modification factor SDMF










Example values for the duration of the excitation, associated probability, and lowest frequency




Motion criteria for wind design are associated with the average return period of the wind
excitation (e.g., 1, 10, 50 and 475 years). The commonly used criteria consist of the drift ratio
∆p that is selected to minimize structural damage and the allowable acceleration ap that is linked
to building serviceability. Taking steel moment-resisting frame structures as an example, typical
values for ∆p are within the range 1/750 ≤ ∆p ≤ 1/250 (Chan and Wong, 2008) and its exact
threshold is left to the designer. The acceptable range for ap is used on the basis of Refs. (Li
et al., 2004) to ensure occupancy comfort. In particular, the threshold ap (m·s−2) is expressed as
a function of the average return period Q (yr) and the fundamental frequency of the structure fs
(Hz) (Li et al., 2004)
ap = (0.68 + 0.2 lnQ)
√
2 ln(fsT )e
−3.65−0.41 ln fs (5.58)
where T = 3600 s (1 hr) is a typical observation time of the wind event. Fig. 5.10 plots various
threshold values for ap associated with different fs and Q.
Figure 5.10: Acceleration criterion ap as a function of fs and Q.
Performance criteria for seismic-induced motions are generally quantified on structural damage
states and inter-story drift limits. Table. 5.3 lists the criteria for typical steel moment-resisting
framed structures (Cha et al., 2014). The performance level of a steel building equipped with
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structural control systems is often targeted at an immediate occupancy level or a damage-repairable
state, with the maximum drift ratio ranged among 0.2% < ∆p < 1.5% (Xue and Chen, 2003). For
blast-resistant design, the semi-active cladding systems are used to dissipate blast energy and
reduce blast-induced vibrations. A prescribed performance level regarding structural motion is not
typically considered in current design practices (Cao et al., 2018b).
The structure-cladding spacing must accommodate the installation and maintenance of the
lateral cladding connectors. A minimum structure-cladding spacing is often required and its value
can be as high as 15 cm (Pinelli et al., 1995). A maximum upper bound for the structure-cladding
gap using enhanced flexible connections can be set as high as 1 m based on values reported in Ref.
(Fu and Zhang, 2016).
Table 5.3: Performance levels and corresponding damage states and drift limits.
performance level damage state drift ratio (%)
immediate occupancy
none ∆p < 0.2
slight 0.2 < ∆p < 0.5
light 0.5 < ∆p < 0.7
moderate 0.7 < ∆p < 1.5
life safety
heavy 1.5 < ∆p < 2.5
major 2.5 < ∆p < 5.0
collapse prevention collapsed ∆p > 5.0
5.4.3 Connection design
The cladding connection design process consists of iteratively selecting dynamic parameters
until the performance metrics are achieved under the design loads. A crucial step in this process
is the computation of the peak building response and its comparison against performance criteria.
These non-dimensional analytical solutions for the peak building response are presented in previous
work (Gong et al., 2019b,d; Cao et al., 2018b).
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The cladding connection parameters (kc and ξc) are selected based on the non-dimensional
analytical solutions under wind and seismic loads, while the rubber bumper properties (kr and lr)
are determined under blast load. To start, an initial value for the stiffness kce is determined by
selecting a tuning frequency ratio f
kce = µf
2kse (5.59)
Second, the damping ratio of the cladding connection ξc is chosen by minimizing the inter-story
drift ratio under f . An estimated value for ξc is computed by setting ∂Rs,s/∂ξc = 0, where Rs,s is
the analytical solution associated with the maximum drift ratio ∆s,max under seismic load, derived
in previous work (Gong et al., 2019d). For simplicity, structural damping is taken as ξs = 0 and







4(1 + µΓ2)(µΓ1 + Γm)2f2
+
(µΓ1 + Γm)µΓ2 − 2Γm(1 + µΓ2)
4(1 + µΓ2)(µΓ1 + Γm)
(5.60)
Note that structural damping is not considered to be negligible (ξs 6= 0) when computing the
peak building responses using analytical solutions. After selecting initial values for the stiffness
and damping of the cladding connection, the peak building responses are computed under both
design wind and seismic loads and compared against their prescribed performance objectives. If
the motion criteria are satisfied, the design phase for seismic and wind is completed. Otherwise,
an iteration is required by selecting either of the three design options (Fig. 5.9). After, the friction








, and the friction damping Fcp is equivalent to a viscous damping element
under a harmonic excitation acting on the first natural frequency of the structure ωs as well as the
amplitude of structure-cladding displacement taken as x̂c = lcr.
The connection parameters of the rubber bumper (lr and kr) are defined under blast load.
The maximum structure-cladding displacement xc,max without considering the rubber bumper is
computed and compared against the performance objective lcr. It is obtained by substituting kc
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and Fcp into the analytical solution Hcb (Eq.5.31). If xc,max 6 lcr, the cladding will not collide with
the structure and a minimum rubber thickness lr is used based on fail-safe requirements. Otherwise,
the rubber thickness lr will be resized to dissipate blast energy with a prescribed maximum rubber
deformation xr,max computed using non-dimensional solutions Hr1 and Hr2 (Eq.5.32). To prevent
the impact rubber bumper from deforming into its yielding state, the maximum rubber indentation
xr,max is compared against the ultimate compression capacity xr,u = 0.8lr. If xr,max 6 xr,u is




Two steel moment-resisting frame structures are used to numerically verify and demonstrate
the proposed MBD procedure for multi-hazards. These two buildings, a 9-story and a 20-story
building, are taken from the literature and are modeled as lumped-mass shear buildings with
dynamic properties listed in Tables 5.4 and 5.5 (Ohtori et al., 2004). The inherent structural
damping ratio is taken as ξs = 2% for each building. The cladding elements are concrete panels
with 30% window open area, with a total length of 45.75 m and 36.6 m at each floor of the 9-story
and 20-story building, respectively (Ohtori et al., 2004). The densities of the concrete and glass
window panels are taken as 2,400 kg/m3 and 2,800 kg/m3, respectively, and their thicknesses are 20
cm and 1 cm, respectively, yielding the cladding mass and the cladding-floor mass ratios mci/msi
for each building in Tables 5.4 and 5.5.
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Table 5.4: Dynamic parameters - 9-story building.
floor height (m) mass (kg) stiffness (kN/m) cladding mass (kg) mass ratio
9 3.96 1070,000 224,400 62395 0.058
8 3.96 989,000 231,200 62395 0.063
7 3.96 989,000 248,880 62395 0.063
6 3.96 989,000 254,320 62395 0.063
5 3.96 989,000 262,480 62395 0.063
4 3.96 989,000 277,440 62395 0.063
3 3.96 989,000 291,040 62395 0.063
2 3.96 989,000 300,960 62395 0.063
1 5.49 1010,000 295,680 86502 0.086
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Table 5.5: Dynamic parameters - 20-story building.
floor height (m) mass (kg) stiffness (kN/m) cladding mass (kg) mass ratio
20 3.96 563,000 100,576 49,916 0.086
19 3.96 552,000 133,952 49,916 0.090
18 3.96 552,000 164,416 49,916 0.090
17 3.96 552,000 178,752 49,916 0.090
16 3.96 552,000 197,568 49,916 0.090
15 3.96 552,000 200,928 49,916 0.090
14 3.96 552,000 203,392 49,916 0.090
13 3.96 552,000 232,064 49,916 0.090
12 3.96 552,000 236,096 49,916 0.090
11 3.96 552,000 244,832 49,916 0.090
10 3.96 552,000 265,888 49,916 0.090
9 3.96 552,000 270,592 49,916 0.090
8 3.96 552,000 273,952 49,916 0.090
7 3.96 552,000 277,088 49,916 0.090
6 3.96 552,000 279,552 49,916 0.090
5 3.96 552,000 275,072 49,916 0.090
4 3.96 552,000 297,920 49,916 0.090
3 3.96 552,000 299,712 49,916 0.090
2 3.96 552,000 304,192 49,916 0.090
1 5.49 584,000 225,568 69,202 0.123
Numerical method
The equations of motion of an n-story building equipped with a cladding system has the form:
Mẍ + Cẋ + Kx = −MEgag + Ewpw + Ebpb + EfF (5.62)
where x ∈ R3n×1 is the displacement vector, M ∈ R3n×3n, C ∈ R3n×3n, and K ∈ R3n×3n are the
mass, damping, and stiffness matrices of the building, respectively, and Eg ∈ R3n×1, Ew ∈ R3n×n,
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Eb ∈ R3n×2n, and Ef ∈ R3n×2n are the location matrices for the ground acceleration ag, wind load
vector pw ∈ Rn×1, blast load vector pb ∈ R2n×1, and control input vector F ∈ R2n×1, respectively.
The state-space representation of Eq. 5.62 for the simulations is written
Ẋ = AX + Bgag + Bwpw + Bbpb + BfF (5.63)



























The numerical algorithm follows the discrete form of the Duhamel integral (Connor and Laflamme,
2014):
X(t+ ∆t) = e
A∆tX(t) + A−1(eA∆t − I)[BfF(t) + Bgag(t) + Bwpw(t) + Bbpb(t)] (5.64)
where ∆t is the discrete time interval and I ∈ R6n×6n is the identity matrix. Note that this
discrete state-space linear formulation is utilized to simulate the dynamic responses of the buildings
assuming linear behaviors. Nevertheless, nonlinear structural performance may be expected for the
uncontrolled buildings, where numerical simulations using Eq. 5.64 would provide an upperbound
on the structural performance, therefore enabling a comparison with the “best performance” case
for the uncontrolled buildings. The nonlinear damping force F(t) from the VFCC is simulated
using the LuGre friction model (Eq.5.3).
Control system
A linear quadratic regulator (LQR) controller with full-state feedback is used to compute the
required control force vector Freq for the VFCCs under the semi-active control state
Freq = −GfX (5.65)
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where Rx ∈ R6n×6n and Rf ∈ R2n×2n are the regulatory and actuation weight matrices, respec-
tively. For a given VFCC device of capacity Fcp, the required control force Freq,i(t) is not necessarily




Freq,i(t) if Fcp > |Freq,i(t)| and Freq,i(t)ẋc,i(t) > 0
Fcp if Fcp ≤ |Freq,i(t)| and Freq,i(t)ẋc,i(t) > 0
0 if Freq,i(t)ẋc,i(t) ≤ 0
(5.67)
After, a corresponding voltage is obtained based on the actual control force Fact,i(t) of the device
and sent to the linear actuator acting on the toggles, yielding the kinetic friction force Fc,i(t) =
Fact,i(t). An optimal design of the controller is out-of-the-scope of this work and the regulatory and
actuation weight matrices are pre-tuned to Rx = diag[I20×20 5I7×7 100I3×3 10I6×6 I18×18]
and Rf = 10
−13 × diag[I6×6 10I12×12] for the 9-story building, and Rx = diag[I20×20 10I13×13
20I17×17 40I10×10 250I5×5 400I10×10 100I5×5 I40×40] and Rf = 5× 10−12diag[I10×10
10I10×10 50I20×20] for the 20-story building. The semi-active simulation case (LQR) is compared
against the passive-on (ON) case where the VFCC is used under a constant maximum capacity
and the uncontrolled (UN) case where the cladding is attached using a conventional lateral stiffness
connection. These stiffness connections used in the uncontrolled case are conventional bearing
connectors at the bottom and tie-back connectors at the top of cladding panels, with lateral stiffness
of each bearing connector and tie-back connector taken as 2335 kN/mm and 39 kN/mm for the
9-story and 20-story buildings, respectively (Pantoli and Hutchinson, 2015a). A total number of ten
connectors and twenty-four connectors are used at each floor for the 9-story and 20-story buildings,
respectively, and the stiffness element of the lateral connection kc is taken as the sum of these




The blast load is simulated using Eq. 5.11 with an amplitude p̂b computed based on a design
explosive charge TNT weight of W = 200 kg and a standoff distance of R = 25 m. Using Eqs. 5.40
to 5.43, Tables 5.6 and 5.7 list parameter values for the design blast load at each cladding nodes of
the 9-story and 20-story buildings, respectively.
Table 5.6: Simulated blast load (200-kg TNT) for the 9-story building.
node p̂b (kN) tp (ms) R (m) node p̂b (kN) tp (ms) R (m) node p̂b (kN) tp (ms) R (m)
xc,1 12596 15.4 25.0 xc,7 6765 15.9 28.4 xc,13 4214 16.9 35.6
xc,2 10244 15.5 25.6 xc,8 5794 16.2 30.4 xc,14 3626 17.3 38.5
xc,3 10244 15.5 25.6 xc,9 5794 16.2 30.4 xc,15 3626 17.3 38.5
xc,4 7753 15.7 26.7 xc,10 4935 16.6 32.9 xc,16 3150 17.7 41.6
xc,5 7753 15.7 26.7 xc,11 4935 16.6 32.9 xc,17 3150 17.7 41.6
xc,6 6765 15.9 28.4 xc,12 4214 16.9 35.6 xc,18 2764 18.0 44.8
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Table 5.7: Simulated blast load (200-kg TNT) for the 20-story building.
node p̂b (kN) tp (ms) R (m) node p̂b (kN) tp (ms) R (m) node p̂b (kN) tp (ms) R (m)
xc,1 9522 15.4 25 xc,15 2901 17.3 38.5 xc,29 1314 19.7 62.2
xc,2 8195 15.5 25.6 xc,16 2520 17.7 41.6 xc,30 1209 20.0 65.9
xc,3 8195 15.5 25.6 xc,17 2520 17.7 41.6 xc,31 1209 20.0 65.9
xc,4 6203 15.7 26.7 xc,18 2212 18.0 44.8 xc,32 1118 20.3 69.5
xc,5 6203 15.7 26.7 xc,19 2212 18.0 44.8 xc,33 1118 20.3 69.5
xc,6 5412 15.9 28.4 xc,20 1960 18.4 48.1 xc,34 1039 20.6 73.2
xc,7 5412 15.9 28.4 xc,21 1960 18.4 48.1 xc,35 1039 20.6 73.2
xc,8 4636 16.2 30.4 xc,22 1753 18.7 51.6 xc,36 970 20.9 77.0
xc,9 4636 16.2 30.4 xc,23 1753 18.7 51.6 xc,37 970 20.9 77.0
xc,10 3948 16.6 32.9 xc,24 1581 19.1 55.1 xc,38 908 21.1 80.7
xc,11 3948 16.6 32.9 xc,25 1581 19.1 55.1 xc,39 908 21.1 80.7
xc,12 3372 16.9 35.6 xc,26 1437 19.4 58.6 xc,40 853 21.4 84.5
xc,13 3372 16.9 35.6 xc,27 1437 19.4 58.6
xc,14 2901 17.3 38.5 xc,28 1314 19.7 62.2
• Wind load
The time series data for wind speed vi(t) is simulated as a multivariate stochastic process with
cross-spectral density matrix S(Ω) (Kaimal et al., 1972)
Sil(Ω) =

Sv(zi,Ω) if i = l√
Sv(zi,Ω)Sv(zl,Ω)Coh(zi, zl,Ω) if i 6= l
(5.68)
with the two-sided PSD Sv(zi,Ω) from Eq. 5.48 and the coherence function Coh(zi, zl,Ω) from
Eq.5.49. Time series are generated following the simulation algorithm for ergodic multivariate
stochastic processes from Deodatis (Deodatis, 1996). Fig. 5.11 plots the typical realization of the
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time history of wind speed vi(t) at the top floor of the simulated buildings. The simulated wind
load Pw,i(t) acting on the cladding panels at the i




ρCdAi [Vi + vi(t)]
2 (5.69)
where Vi is the mean wind speed at building height zi obtained using Eq. 5.45, and the air density
is taken as ρ = 1.225 kg/m3.
(a) (b)
Figure 5.11: Typical realization of a wind speed time series over a 10-minute duration: (a) 9-story;
and (b) 20-story buildings.
• Seismic load
A set of six different earthquakes are used for the simulations. They consists of three near-
field and three far-field ground motions, defined based on the epicentral distance, with 0 to 50
km referring to near-field and 50 km and beyond referring to far-field. Time history data of these
ground accelerations were extracted from the PEER ground motion record database (Peer, 2011)
and scaled based on the local design response spectrum at the fundamental period of each building.
Table 5.8 shows the dynamic characteristics and Fig. 5.12 plots the design response spectrum and
the scaled response spectrum of each ground motion.
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Table 5.8: Selected seismic excitations.




EQ1 Northridge 1994 Ventura-Harbor 54.28 reverse 1.55 3.02
EQ2 Kern County 1952 Santa Barbara 81.3 reverse 1.18 2.03
EQ3 Landers 1992 Brea 137.44 strike-slip 1.56 1.75
near-field
EQ4 Imperial Valley 1979 EI Centro Array 8 3.86 strike-slip 0.55 0.68
EQ5 Chi-Chi 1999 CHY093 49.82 reverse-oblique 1.67 1.64
EQ6 Kobe 1995 Morigawachi 24.78 strike-slip 0.89 1.22
(a) (b)
Figure 5.12: Scaled response spectra of selected seismic excitations: (a) 9-story (fundamental
period: Ts = 2.27 s); and (b) 20-story (fundamental period: Ts = 3.78 s) buildings.
5.5.2 Example of multi-objective design
The multi-objective design inherent to multi-hazards is first demonstrated through the analytical
transfer functions on a representative example consisting of a 2DOF representation of the 9-story
building. The dynamic parameters of the 2DOF system are taken as the equivalent dynamic
properties of the 9-story structure, including the structural mass mse = 4528× 103 kg, the stiffness
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kse = 34408 kN/m, and the damping ratio ξs = 2%. This 2DOF structure-cladding system is
only used to demonstrate the different responses under different hazards and does not necessarily
represent the behavior of the 9-story building.
Fig. 5.13 plots the dynamic responses of the system under a harmonic force loading, a harmonic
ground acceleration, and a blast load using the analytical solutions from Eqs. 5.36, 5.38, and 5.31,
respectively. Three representative sets of connection parameters are investigated to illustrate the
inherently conflicting design requirements. These connections include one of low stiffness and
damping (f = 0.95 and ξc = 0.1), one of high stiffness and low damping (f = 1.2 and ξc = 0.1),
and one of high stiffness and high damping (f = 1.2 and ξc = 0.6). Fig. 5.13(a) shows that, similar
to tuned mass dampers, a frequency ratio f tuned around the natural frequency of the structure
with a relatively low damping ratio ξc yields an optimal structural performance under wind load
(Hsw). However, under seismic load (Hss), a connection with higher stiffness and damping would
provide better overall reduction in the response. Also, although a flexible cladding connection
leads to a notable reduction in structural displacement, it will result in higher structural-cladding
displacements under both wind (Hcw) and seismic (Hcs) loads, as illustrated in Fig. 5.13(b), and
in a higher structure-cladding displacement under blast load (Hcb) as shown in Figs. 5.13(c).
The upcoming subsection will walk through the complete MBD procedure for the two example




Figure 5.13: Plots of transfer functions under various tuning frequency ratios f and damping ratios
ξc at µ = 0.05: (a)Hs; (b)Hc; and Hcb.
5.5.3 MBD procedure
Multi-Hazard Quantification
The design blast load is arbitrarily selected as equivalent to a 200-kg mass of TNT (e.g. W = 200
kg), which approximately corresponds to a charge located in the trunk of a large car (Draganić and
Sigmund, 2012), at a standoff distance of R = 25 m. Using Eqs. 5.40 to 5.43, the design peak blast
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load p̂b and its associated period tp are computed. The design load parameters for blast are listed
in Table 5.9.
The wind load is designed based on a 3-second wind gust speed V0 = 33m/s at reference
height of 10 m with a return period of Q = 50 years using the wind hazard map from ASCE 7-16
(ASCE, 2010). The wind loading parameters determined based on the building terrain include the
ratio of shear velocity of wind flow v∗/v∗0 = 1.15, surface roughness length z∗ = 0.3 m and its
corresponding β = 5.25. The drag coefficient is taken as Cd = 1.4 and Cd = 1.3 for the 9-story and
20-story building, respectively, based on a rectangular building cross-section (Simiu and Scanlan,
1996). The design load parameters for wind are listed in Table 5.9.
The seismic hazard is quantified based on the local design response spectra of the buildings, both
located in the State of California with corresponding spectral acceleration parameters SDS = 0.667
g and SD1 = 0.267 g (Cha et al., 2014). Using the seismic load model, an updated discrete
design spectrum compatible PSDF Gnew(ΩN ) is plotted in Fig. 5.14(a) for design and Fig. 5.14(b)
compares the target Sg (ASCE 7-16) and simulated Sg (Section 5.4.1). The design load parameters
for seismic are listed in Table 5.9.
(a) (b)
Figure 5.14: (a) Design spectrum compatible PSDF G(Ω); and (b) response spectrum Sg.
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tp ms Eq.5.43 15.4 15.4
p̂b kN Eqs.5.40 - 5.42 12,596 9,522
wind load Pn kN Eqs. 5.44 - 5.46 101.8 102.4
seismic load
ωs rad·s−1 − 2.76 1.66
Gnew(ωs) m
2 · s−3 Eqs. 5.50 - 5.56 0.007 0.005
Performance Objectives
The performance objectives are prescribed based on hazard types. The allowable structure-
cladding spacing lc is set as 0.45 m and 0.55 m for the 9-story and 20-story building, respectively,
for the preliminary design phase, with an upper bound set to 1 m. Under wind load, the acceptable
peak acceleration for occupancy comfort is computed using Eq. 5.58 with values ap = 22.8 mg
and ap = 27.3 mg for the 9-story and 20-story buildings, respectively, and the allowable lateral
drift ratio set to ∆p < 0.4%. Under seismic load, the allowable lateral drift is set to ∆p < 1% to
maintain an elastic state (Ghobarah, 2004). The cladding connection is designed to prevent the
cladding element from colliding with the rubber bumper under wind and seismic loads. Under blast
load, the deformation of rubber bumper xr,max is designed to be within its ultimate compression
capacity xr,u, with xr,max 6 xr,u = 0.8lr.
Connection Design
Table 5.10 lists values for the equivalent mass mse and stiffness kse of the primary structure as
well as the mass ratio µ = mce/mse used for wind and seismic design, and the mass mb = mc/2
for blast design at each connection node. The cladding-rubber distances lcr for the design under
wind and seismic loads are pre-selected as 0.3 m and 0.4 m for the 9-story and 20-story buildings,
respectively, with a prescribed rubber bumper thickness of lr = 0.15 m for both buildings. The
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estimated maximum responses of each building under design wind and seismic loads versus the
tuning frequency ratios f are plotted in Figs. 5.15 and 5.16. From the performance objectives on
the peak drift ratio ∆p, peak acceleration ap, and structure-rubber spacing lcr, a tuning frequency
ratio f = 1.29 and f = 1.94 is selected for the 9-story and 20-story buildings, respectively. The
selection of the tuning frequency ratio f is governed, for both building, by the cladding-rubber
spacing lcr. This design yields an equivalent connection stiffness kce (Eq.5.59), connection damping
ratio ξc (Eq.5.60) and the total friction damping capacity at each floor Fcp (Eq.5.61). The design
parameters are listed in Table 5.10.
The blast load design is conducted based on three non-dimensional analytical solutions. Using
these design parameters, the maximum structure-cladding displacement without considering rubber
bumper is estimated as xc,max = 0.63 m and xc,max = 0.66 with corresponding values for Hcb = 1.75
and Hcb = 0.095 for the 9-story and 20-story building, respectively. It shows that xc,max > lcr for
both buildings and the cladding is anticipated to collide with the cladding. With an initial rubber
thickness lr = 0.15 m, it yields the values for Hr2 = 0.85 and Hr2 = 0.75 for the 9-story and
20-story building, respectively. Selecting the values for the rubber stiffness kr = 10
4kc at the
9-story building gives Hr1 = 0.1833 and xr,max = 0.065 m which meets the requirement that
xr,max = 0.065m < 0.8lr = 0.12m. Similarly, a rubber stiffness kr = 10
4kc at the 20-story building
yields satisfactory performance with xr,max = 0.062m < 0.8lr = 0.12m and Hr1 = 0.0084. These
rubber parameters are listed in Table 5.10.
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Table 5.10: Cladding connection design parameters.





3 kg Eq.5.21 4,528 5,057
kse kN·m−1 Eq.5.21 34,408 1,397
µ % Eq.5.35 1.44 1.01
mb kg − 43.3 34.6
motion criteria
∆p,s % − 0.93 0.86
∆p,w % − 0.15 0.27
ap mg wind only 20.3 25.8
lc m − 0.45 0.55
connection parameters
lr m − 0.15 0.15
lcr m − 0.3 0.4
f − − 1.29 1.94
kce kN·m−1 Eq.5.59 822.8 529.1
ξc − Eq.5.60 0.33 0.80
Fcp kN Eq.5.61 27.2 34.3
kr 10









Figure 5.16: Peak responses of the 20-story building as a function of f : (a) ∆max; (b) amax; and
(c) lcr,max.
5.5.4 Numerical validation
The numerical validations consist of validating the MBD procedure and demonstrating the
performance of the VFCC on the two example buildings.
Tables 5.11 and 5.12 list results on the performance objectives for the 9-story and 20-story
buildings, respectively, including the maximum interstory drift ratio ∆max, maximum acceleration
amax, and maximum structure-cladding displacement lcr,max. Results show that the passive-on (ON)
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case, which was used for the MBD procedure, does not always meet the performance objectives.
In particular, for the 20-story building, one can observe that ∆max = 0.28% > ∆p = 0.27% and
amax = 27mg > ap = 25.8mg under wind load, and ∆max = 1.0% > ∆p = 0.86% under EQ5. This
disagreement between the numerical results and analytical solutions are attributed to the quality of
the assumptions made to develop mathematically trackable solutions, including 1) the negligence of
higher modal responses of the structure; 2) the simplification of load inputs; and 3) the negligence
of the VFCC’s nonlinearities by using an equivalent viscous system (Gong et al., 2019b,d; Cao et al.,
2018b). Results show that the quality of these assumptions could be more important for seismic
design, as the underestimation of the performance objectives was more notable than under wind.
Nevertheless, the semi-active VFCC (LQR) meets the quantified structural performance objectives
under each hazard, showing that the MBD procedure is largely conservative by assuming a passive
behavior of the device (ON case).
Table 5.11: Results for motion performance criteria: 9-story building.
hazard
∆max(%) amax(g) lc,max (m)
UN ON LQR UN ON LQR ON LQR
wind 0.15 0.14 0.14 0.026 0.019 0.017 0.23 0.26
blast 0.18 0.14 − 1.98 0.26 − 0.37 −
EQ1 0.66 0.60 0.47 0.16 0.15 0.14 0.06 0.19
EQ2 0.76 0.70 0.62 0.26 0.24 0.22 0.18 0.24
EQ3 0.79 0.74 0.50 0.17 0.15 0.13 0.15 0.19
EQ4 0.85 0.84 0.80 0.27 0.25 0.24 0.16 0.29
EQ5 0.66 0.61 0.50 0.17 0.17 0.16 0.08 0.16
EQ6 0.80 0.73 0.56 0.25 0.24 0.22 0.14 0.20
The next step is to assess the capability of the VFCC at mitigating structural vibrations. To
do so, two performance indices are defined:





where the controlled inter-story drift ratio ∆i = (xs,i − xs,i−1)/hi for i = 2, 3, ..., n, ∆1 =
xs,1/h1 for i = 1, and ∆un,i refers to the uncontrolled inter-story drift ratio.
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where the absolute acceleration ẍi = ẍs,i for i = 1, 2, ..., n is the acceleration for the controlled
cases and ẍun,i is the acceleration for the uncontrolled case.
Table 5.13 lists the simulation results for the two performance indices. Positive values for J1
and J2 correspond to a mitigation of the load. Results show that under both ON and LQR, the
VFCC provides a certain level of mitigation under all hazards. The LQR case exhibits significantly
enhanced performance for the vast majority of hazards, except under blast where the semi-active
state is not activated. In particular, the maximum reduction of the inter-story drift and acceleration
under wind load reaches 13 % and 39.6 %, respectively, for the 20-story building. The lower gain
in performance from the LQR strategies under wind for the 9-story building is attributed to the
lower dynamic response of the structure to wind excitations. The maximum reduction of the inter-
story displacement and absolute acceleration reaches 36.3 % and 21 %, respectively, for the 9-story
building under seismic hazard EQ3, and 28.2 % under hazard EQ5 and 37.6 % under hazard EQ1,
respectively, for the 20-story building. The VFCC under both ON and LQR does not mitigate EQ4
significantly, which can be attributed to the earthquake-specific dynamics. The passive-on VFCC
Table 5.12: Results for motion performance criteria: 20-story building.
hazard
∆max(%) amax(g) lc,max (m)
UN ON LQR UN ON LQR ON LQR
wind 0.28 0.28 0.25 0.039 0.027 0.023 0.26 0.36
blast 0.18 016 − 3.48 0.20 − 0.46 −
EQ1 0.85 0.76 0.54 0.31 0.28 0.19 0.15 0.35
EQ2 0.82 0.79 0.68 0.33 0.31 0.28 0.15 0.27
EQ3 0.80 0.79 0.58 0.16 0.16 0.15 0.02 0.21
EQ4 0.73 0.73 0.69 0.23 0.23 0.23 0.05 0.24
EQ5 1.02 1.00 0.71 0.16 0.16 0.14 0.02 0.23
EQ6 0.81 0.78 0.63 0.21 0.19 0.17 0.03 0.22
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under blast loads leads to a maximum 13.4 % reduction of the inter-story drift for the 9-story
building and a maximum 94.8 % reduction of the acceleration for the 20-story building.
Table 5.13: Simulation results - J1 and J2.
hazard
9-story building 20-story building
J1(%) J2(%) J1(%) J2(%)
ON LQR ON LQR ON LQR ON LQR
wind 3.6 4.4 29.6 35.1 0.1 13.0 29.0 39.6
blast 13.4 − 85.6 − 10.4 − 94.8 −
EQ1 8.5 32.9 4.4 13.2 7.0 21.8 10.3 37.6
EQ2 6.6 19.0 4.7 14.4 2.1 15.6 6.0 15.7
EQ3 5.2 36.3 8.2 21.0 1.5 27.0 1.5 7.3
EQ4 3.1 6.9 6.5 9.0 0.8 10.7 1.2 1.2
EQ5 7.0 25.5 0.6 8.4 1.4 28.2 1.3 11.0
EQ6 8.9 29.2 4.7 12.1 4.2 22.2 8.0 19.9
Figs. 5.19 to 5.22 plot the maximum response profiles for two buildings under different hazards.
The seismic responses of the 9-story and 20-story (Figs. 5.19 to 5.20) buildings are shown under
two representative seismic hazard cases, EQ6 and EQ1 respectively. These two seismic cases are
selected because they exhibit an average reduction in the maximum inter-story drift ratio caused
by the six seismic hazards. Figs. 5.17 and 5.18 show that the LQR case significantly outperforms
other cases under wind load for acceleration mitigation, and meets performance objectives unlike
the UN case. The LQR case also outperforms under control strategies under seismic (Figs. 5.19
to 5.20), although the performance objectives are already met under the UN case. Results from
blast (Figs. 5.21 and 5.22) show a net improvement from using the VFCC in a passive mode,
where the most significant mitigation comes from the first floor where the blast load magnitude is
the highest. Overall, all profiles show that mitigation is achieved by leveraging a higher structure-
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cladding displacement, and that it is possible to satisfy all performance requirements by keeping
this displacement under the prescribed threshold.
(a) (b)
(c)
Figure 5.17: Maximum response profile of 9-story building under wind hazard: (a) drift ratio; (b)




Figure 5.18: Maximum response profile of 20-story building under wind hazard: (a) drift ratio; (b)




Figure 5.19: Maximum response profile of 9-story building under hazard EQ6: (a) drift ratio; (b)




Figure 5.20: Maximum response profile of 20-story building under hazard EQ1: (a) drift ratio; (b)




Figure 5.21: Maximum response profile of 9-story building under blast hazard: (a) drift ratio; (b)




Figure 5.22: Maximum response profile of 20-story building under blast hazard: (a) drift ratio; (b)
absolute acceleration; and (c) structure-cladding displacement.
5.6 Conclusion
A novel variable friction cladding connection (VFCC) has been previously developed by the
authors to leverage cladding element motion to mitigate wind, seismic, and blast hazards, and
motion-based design (MBD) procedures developed individually for each of these hazards. This
paper integrates these results by introducing an MBD procedure when more than one hazard is
considered, termed multi-hazard.
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Analytical solutions characterizing the VFCC-structure interaction under each hazard were first
presented. Model simplifications were introduced to obtain mathematically trackable solutions.
After that, the MBD procedure for multi-hazard mitigation was described. The procedure starts
with the quantification of each hazard under consideration and the performance objectives. It
is followed by a selection of the dynamic parameters of the connection under wind and seismic
loads, after which the device’s impact bumper is designed to satisfy motion requirements under
blast. Lastly, the peak building responses are computed and iterations conducted on the design
parameters upon the satisfaction of the multiple motion objectives.
Numerical simulations were conducted to verify the proposed MBD methodology and demon-
strate the capabilities of the VFCC on two example structures: a 9-story and 20-story building.
Multiple hazards were simulated, including wind, earthquakes, and blast, and applied to the se-
lected buildings with the designed VFCC under the proposed MBD procedure. Performance was
assessed under three control cases: 1) uncontrolled, where the cladding was linked to the structure
using conventional elements; 2) passive-on, where the VFCC is permanently set to maximum capac-
ity; and 3) semi-active, where a full-state feedback linear quadratic controller is used to determine
the control gains.
Simulation results showed that the MBD procedure, conducted assuming the passive-on case,
yielded satisfaction of most of the motion criteria. Underestimation of motion were attributed to
the quality of the assumptions made to develop the mathematically trackable solutions, namely: 1)
the negligence of higher modal responses of the structure; 2) the simplification of load inputs; and
3) the negligence of the VFCC’s nonlinearities by using an equivalent viscous system. Neverthe-
less, the MBD procedure was shown to be conservative when paired with semi-active capabilities,
whereas the semi-active VFCC showed to be capable of satisfying all of the motion criteria. The
assessment of the VFCC performance showed that semi-active control produced significantly en-
hanced mitigation capabilities compared with the passive-on case under seismic and wind hazards.
The semi-active VFCC provided the maximum reductions of 13 % and 39.6 % on the inter-story
drift and acceleration, respectively, for the 20-story building under wind load and 36.3 % and 21 %,
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respectively, for the 9-story building under seismic load. The VFCC used with passive-on scheme
under blast load resulted in a significant reduction on building response, particularly with the re-
duction of the acceleration reaching to 94.8 % for the 20-story building. Overall, results presented
in this paper showed that the VFCC is a promising device, capable of mutli-hazard mitigation,
and that MBD procedures can be integrated at the structural design phase to produce structures
capable of high performance versus motion.
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CHAPTER 6. CONCLUSION
This dissertation proposed and characterized a novel variable friction cladding connection
(VFCC) to leverage the motion of cladding systems for multi-hazard mitigation. A motion-based
design (MBD) procedure was also developed to enable the holistic integration of the VFCC at
a design phase. The VFCC is a semi-active friction damping device that dissipates blast energy
when fully locked, and wind and seismic induced structural vibrations under a semi-active mode.
In chapter 2, the friction dynamics of the VFCC was identified and validated on a prototype of the
VFCC in a laboratory environment. A modified LuGre friction model was used to represent its fric-
tion characteristic for further simulations. It demonstrated the variable friction mechanism of the
VFCC, ideal for multi-hazard mitigation. Next, chapters 3 to 4 developed an MBD framework to
design the VFCC under wind and seismic loads, respectively. This design framework included quan-
tification of analytical hazard model, identification of performance objectives, and determination of
dynamic properties of the cladding connection. The developed MBD approach was demonstrated
and verified on simulated building examples. Chapter 5 developed a multi-hazard design framework
that considered blast, wind, and seismic loads. The results showed that the VFCC designed with
the propose MBD methodology was capable to mitigate multi-hazards, demonstrating its promise
for field application.
The main contributions and impacts of this work are summarized and future work is discussed
it what follows.
6.1 Summary of Contributions and Impacts
6.1.1 Characterization of a novel variable friction device
A novel variable friction device was proposed and characterized on a 3D-printed prototype and
the major contributions and impacts are as follows:
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• Novelty of variable friction cladding connection
This work presented a reliable variable friction cladding connection that is easy and inex-
pensive to fabricate. A prototype was fabricated using 3D-priting technology and its friction
dynamics were characterized to further its implementation.
• Modeling of variable friction mechanism
This work developed a modified LuGre model to characterize the friction behavior of the
VFCC device, contributing to a better understanding of variable friction mechanisms used in
semi-active damping device.
6.1.2 Multi-functional cladding system
Cladding systems were re-thought into multi-functional structural units and research was con-
ducted on engaging the cladding elements for vibration control.
• Improved current cladding design practices
A holistic design approach that integrates cladding design within the structural design to
improve resiliency was developed.
• Engaged cladding for energy dissipation
The proposed multi-functional cladding system leverages cladding motion to dissipates energy
for multi-hazard mitigation.
6.1.3 Motion-based design framework
An MBD framework was established to facilitate the field implementation of the novel semi-
active cladding system.
• Introduced a 3-step MBD framework
This work developed a 3-step design procedure to facilitate the application of the VFCC for
wind and seismic mitigation.
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• Enhanced applicability of semi-active control systems for hazard mitigation
The work here systemically presented a holistic design approach for the semi-active control
system by integrating transfer functions into design phase.
6.1.4 Multi-hazard resilience
This work aimed at enhancing structural operability and resiliency under multiple hazards,
which helps to reduce infrastructure vulnerabilities, minimize hazard consequences, and hasten
recovery efforts. Simulations were conducted on several building examples to numerically verify
the mitigation performance of the VFCC. The challenge to improve structural performance under
multi-hazard was addressed and this dissertation, contributing to enhancing structural serviceability
by implementing semi-active cladding system.
6.2 Future Work
6.2.1 Vertical cladding connections
In the presented structure-cladding model, the vertical and lateral cladding connections are
assumed to be decoupled, different from bearing cladding connection used in current practice. It is
essential for field application of the semi-active system to develop a new vertical supporter of the
gravity load of the cladding that also allows large lateral cladding motion. For instance, a linear
rail with bearing roller slider can be employed to form a vertical connection for the semi-active
cladding system.
6.2.2 Intelligent controller for multi-hazards
A major limitation of the LQR controller used in numerical simulations is its reliance on full-
state feedback. The control parameters were pre-tuned for each hazard but not optimized, which
may affect the mitigation performance of the VFCC. In addition, the controller delay was ignored
to simplify the simulation process. As a future step, it would be necessary to develop an intelligent
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controller that could be adopted for mitigating hazards of different nature with possible control
delay.
6.2.3 Uncertainties in closed-loop control system
This work numerically investigated the mitigation performance of the VFCC under multi-
hazards assuming full knowledge of structural parameters. Future work should consider uncer-
tainties in the system, also including those found in the feedback system (Gong et al., 2018c;
Micheli et al., 2019).
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